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Abstract
The development of metal-oxide nanostructures is a growing area due to their applications
in diverse fields spanning energy conversion and storage, chemical manufacturing, and environmental technology. This interest in catalytically active nanomaterials has prompted
the synthesis and investigation of highly functionalized nanoparticles (NPs), including coreshell, silicate-stabilized, and bi- and multi-metallic nanocomposites. While wet-chemical
synthesis methods of metal-oxide nanostructures have led to several morphologies, compositions, and shapes, these syntheses often require high temperatures, toxic solvents or reducing
agents, and long reaction times.
Laser synthesis and processing of colloids (LSPC) encompasses both ‘top down’ and
‘bottom up’ approaches to synthesize metal-oxide nanostructures. Pulsed laser ablation in
liquid (PLAL) involves focusing laser pulses onto a solid target immersed in a liquid in which
target atoms coalesce to form nanostructured materials once ejected into solution. Laser
reduction in liquid (LRL) is a second laser-assisted approach to synthesizing nanomaterials,
where photochemical reduction of metal salts is achieved by focusing the laser beam into
solution. Both PLAL and LRL are able to generate metal and semiconductor NPs at room
temperature in aqueous solutions without added surfactants or stabilizers, giving them an
advantage over conventional wet-chemical methods.
Recently, these two approaches have been combined into a single step- referred to as
reactive laser ablation in liquid (RLAL), in which laser ablation of a solid target is carried
out in a metal salt solution. This work goes through the synthesis and characterization of
femtosecond-RLAL (fs-RLAL)-generated silica-metal nanostructures, and discusses the relationship between the precursor solution composition, the product morphology, and the catalytic activity toward a model para-nitrophenol (PNP) reduction reaction. First, silica-Au
NPs were synthesized, exhibiting two populations of product nanoparticles which resulted
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from reaction dynamics occurring on two distinct timescales. Next, silica-Cu NPs were synthesized under different pH conditions, yielding pH-dependent product morphology. The different morphologies resulted from the surface charge of ablated silica species, which repelled
the Cu2+ ions in solution at low pH yielding core/shell morphology, and attracted the Cu2+
ions at high pH, forming well-dispersed ∼1.5 nm Cu clusters stabilized by a phyllosilicate
matrix. This led to the investigation of pH-dependent dissolved silicate species generated
from ablating the Si wafer in water and solutions of added Ni(NO3 )2 over a range of pH
conditions. When the solution was above pH 10, silicic acid was generated which was the
key species leading to the formation of nickel-phyllosilicate (Ni-PS) when nickel nitrate was
added to solution. When the solution was below pH 7, no silicic acid was generated from
ablation, and consequently no Ni-PS was formed in the dried product. The mechanism of
Ni-PS formation from fs-RLAL of a silicon wafer immersed in aqueous nickel nitrate solutions is discussed. Based on this mechanism, it is expected that the fs-RLAL method will be
capable of generating a variety of metal-phyllosilicates from different metal salt precursors.
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Introduction
1.1
1.1.1

Background and motivation
Properties and applications of metal-oxide nanostructures

Functional nanostructures are widely studied for their applications in biomedicine, sensing,
optoelectronics, and catalysis. 1–3 In particular, significant attention has been paid to the development of various metal and metal-oxide-based catalysts for reactions including water
splitting, the water-gas shift reaction, CO2 conversion, and biomass utilization. 4–6 Catalytically active metal nanostructures such as Ag, Au, Pd, Pt, Ru, and Ir are highly active and
stable over a range of experimental conditions; however, due to their low abundance and high
cost, the development of transition metal-based nanostructures (Fe, Co, Ni, Cu, Zn) is gaining
significant attention as low-cost alternatives to the noble metal-based nanostructures. 4,6–12 Incorporating the transition metals with highly functionalized oxide support materials such as
silica, titania, or alumina increases both the catalytic activity and the stability of the metal
NPs over a range of experimental conditions, due to the enhanced metal-support interactions. 13–18 Ideal features of highly active nanocatalysts include high surface area with high
numbers of accessible active sites, and durability over continued reaction cycles. 19 Nanoparticles (NPs) have an exceptionally high surface-to-volume ratio compared to bulk materials,
which may be increased further by decreasing the metal NP size or modifying the shape to
include edges or steps. 20,21 Incorporating the metal NPs throughout a support material has
led to the development of highly functionalized nanostructures including layered double hydroxides (LDH), metal-phyllosilicates, nanohybrids, mixed metal spinels, as well as unique
shapes and morphologies of core/shell particles and alloyed nanoparticles, exhibiting high
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catalytic activity and stability. 15,22–24 These structured nanomaterials have exhibited exceptional activity toward catalytic reactions, including Ni-Fe LDHs grown on carbon nanotubes
that had higher electrocatalytic activity toward OER than commercial Ir catalysts 17 , and NiNP embedded titania/silica catalysts with high activity and stability toward CO2 reforming of
methane. 25 These are a few examples of the promising nanostructured materials comprised
of earth-abundant elements for environmentally relevant catalytic applications.

1.2

Synthesis approaches to metal-oxide nanostructures

Synthesizing oxide supported metal nanostructures has been achieved through a variety of
wet chemical approaches, including incipient wetness impregnation, deposition-precipitation,
strong electrostatic adsorption, and ammonia evaporation. 18,26–30 In these methods, the oxidic support such as silica, can be prepared from the Stöber method, from sol-gel synthesis,
or using fumed amorphous silica. Subsequent introduction of the metal complex precursor to
interact with the support material is conducted by heating up the slurry or solution, followed
by calcining the finished product. 30
The surface of oxidic supports (SiO2 , Al2 O3 , TiO2 ) contain hydroxyl groups which act as
adsorption sites for metal complexes and are the key to interactions between the metal precursor and support. 31 Depending on the pH of the aqueous solution, the hydroxyl ligands may
become protonated (acidic) or deprotonated (alkaline), allowing for strong adsorption interactions between the support and the metal complex. This concept has been used for strong
electrostatic adsorption (SEA) synthesis of very small (∼1.5 nm) metal NPs comprised of
highly dispersed Ni, Ru, Cu, Pd, and Pt NPs throughout amorphous silica supports. 30,32
Heterogeneous catalyst development also focuses on increasing the density of metal NPs
dispersed over support materials by increasing the specific surface area (SSA) of the catalytically active metal NPs, achieved by decreasing the NP size. However, previous reports on
nanocatalyst synthesis have shed light on how poorly understood the structure-activity relationship is of these materials. For example, 2 nm Pt NPs in polymer electrolyte membrane
fuel cells were unstable over time, but increasing the size to 5 nm Pt NPs resulted in nearly no
catalyst deactivation. 33 In a separate study, the turnover frequency (TOF), a parameter used to
describe the relationship between the nature of the active sites of a nanocatalyst and the SSA
of it, decreased for a cobalt catalyst when the Co NP size was reduced below 6 nm, but no
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decrease in TOF was observed when the size of the Co NPs was increased above 6 nm up to
15 nm. 34 These methods often result in uneven distributions of the metal precursror throughout the oxide support, resulting in poorly dispersed NPs with large size distributions and low
metal loading. Additionally, synthesis of these materials involve multiple steps that take up
to several days and require toxic organic reducing agents and surfactants. 30,35 These studies
indicate that developing a rapid, facile, and environmentally-friendly synthesis method to
oxide-metal nanostructures remains a challenge.

1.2.1

Laser Synthesis and Processing of Colloids

Laser synthesis and processing of colloids (LSPC) is an emerging field and nanomaterial synthesis. 36,37 This field encompasses the synthesis of colloidal NPs using intense laser pulses
focused into liquid solutions. The first type of laser-assisted NP synthesis technique involved
ablating a silicon target in liquid by focusing laser pulses into a liquid using a "ruby flash"
at 694 nm. 38 This field has since exploded over the past several decades, leading to better
understanding and thus control over nanoparticle synthesis. Due to the highly nonequilibrium environment generated in the laser plasma, unique and metastable phases are generated
which are difficult to access using benchtop methods. 36 Since photons are the major reactant driving the formation of NPs in LSPC, the use of reducing agents is not required, and
under certain laser parameters the colloidal NPs are electrostatically stabilized, making the
addition of stabilizing agents or surfactants unnecessary. The ability to synthesize metal and
semiconductor nanostrucures in a single step at room temperature in water gives LSPC a
major advantage over conventional wet chemical synthesis approaches. 36,39–44
Two common approaches to colloidal metal NP synthesis using laser-assisted methods
involve a top-down and a bottom-up approach. In the top-down approach, laser pulses are
focused onto the surface of a solid target immersed in liquid, where the ejected atoms are
quenched by the surrounding liquid, forming nanoparticles. This technique is referred to as
Pulsed Laser Ablation in Liquid (PLAL). 36,43 The second approach involves irradiating a
metal-salt solution to produce reducing agents via solvent-molecule photolysis, referred to
as Laser Reduction in Liquid (LRL) 45–47 Controlling nucleation and growth of the nanoparticles during metal-salt reduction by changing laser parameters (focusing conditions, pulse
duration, pulse energy, irradiation time), and chemical parameters (metal-ion concentration,
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solvent composition, presence of capping agents), determines the size, shape, and stability of the colloidal products 45–60 . The experimental setup for PLAL and LRL synthesis of
NPs is very simple, allowing for efficient exploration of nanomaterial development and optimization. Figure 1.1 displays the laser conditions involved in PLAL and LRL synthesis
techniques.

Figure 1.1: Diagram of laser conditions used to synthesize colloidal nanomaterials.

1.2.2

Mechanism of Laser-Matter Interaction

Pulsed laser ablation involves complex physical and chemical processes, including heating,
melting, species ejection, vaporization, plasma creation and expansion, and chemical reactions. 61–67 Key parameters that affect the ablation process and thus the nanomaterial product
include both laser parameters (pulse duration, pulse wavelength, pulse repetition rate) and
chemical properties (target material composition, liquid solution composition). When laser
pulses are used to synthesize colloids in PLAL, the ablated target material that is dispersed
into the liquid is the product, as shown in Fig. 1.1 (labeled PLAL). While the majority
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of the ablated species in solution retain the chemical composition of the target material, a
fraction of their surface becomes oxidized or reduced due to interaction with the liquid or
from oxygen vacancies. These charges enable the colloids to be electrostatically stabilized in
solution, and the surface defects are beneficial for catalytic applications. 36,43,68 PLAL may
be carried out using fs, picosecond (10−12 s, ps), nanosecond (10−9 s, ns), and microsecond
(10−6 s, µs) pulsed lasers, with the mechanism of material ablation dependent on the electron
cooling time (electron-to-phonon relaxation time). 36 The electron cooling time is materialdependent, typically on the order of several ps (Au: 3 − 4 ps 69 , Cu: 1 − 4 ps 70 , Si: 0.35 ps 71 ,
ZnO: 0.5 ps 72 ). Because the electron-to-phonon relaxation time is shorter than the ns pulse
duration, ns-PLAL ablation depends strongly on the properties of the material, and follows a
thermal mechanism of ablation which involves heating and melting of the target from the ns
laser pulses. Fs laser pulses are shorter than the electron cooling time, and therefore the ablation process follows a solid−vapor transition. 73 Ps laser pulses are on the same order as the
electron-to-phonon relaxation time and therefore may follow either the thermal mechanism
or solid−vapor transition, depending on the pulse duration and material properties. 36
The peak intensities reached with fs laser pulses are on the order of 1013 −1016 Wcm−2 ,
which exceed the ionization point of most dielectrics, and ionization of the surface target
atoms occurs within a few fs. 36,47,74–77 Free electrons in metals (or electrons in the valence
band of semiconductors or insulators) are the main species absorbing the pulse energy in the
material, and gain even more energy due to inverse Bremsstrahlung (collisions with highly
charged ions), which occurs within several ps. After the pulse energy deposition, isochoric
(constant volume) heating occurs where transient temperatures of 5000 − 7000 K are present
in the laser-induced plasma, followed by the electron-to-phonon relaxation, involving energy
transfer from the electrons to the crystal lattice in the form of vibrations. The free electrons
generated gain enough energy exceeding the Fermi level of most materials, and are able to
escape the crystal lattice. Left behind is an electron-deficient, highly charged surface, which
drives Coulombic explosion of the target atoms due to the confined charge repulsion. The
target atoms eject out of the solid material into the surrounding liquid, forming unique and
metastable phases and structures including nanocubes, nanodiamonds, and thermodynamically metastable crystal structures of TiO2 , Si, and Ge due to the rapid cooling from solution
mixing. 36,61,78–84 Synthesis of NPs from PLAL of Au targets have resulted in bimodal size
distribution of the Au NPs in solution, where the photon-based nonthermal ablation led to
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the formation of small Au NPs, while larger, 3−10 nm Au NPs of poor size distribution were
generated from the plasma-related thermal ablation process. 41,61 Laser parameters such as
energy and pulse repetition rate have been identified as improving the size distributions of
colloidal Au NPs generated from this method. 85,86 The size and size distribution of metal
NPs generated from PLAL can be further optimized by modifying the solution composition
(pH, ionic strength, addition of capping agents). 36,41,87,88
Alternatively, LRL is a more recent laser-assisted technique to synthesize metal NPs in
solution, and is based on the generation of reducing species from solvent photolysis. 46 The
peak intensities reached using fs laser pulses (1013 −1016 Wcm−2 ) are sufficient to induce
multiphoton ionization of water molecules, forming a dense localized plasma in a process
called optical breakdown (OB). 89,90 The formation of OB plasma in water involves a number
of reactions including 57,91–95
nhν

H2 O −−→ e− + H+ + OH ·

(1.1)

e− −−→ e−
aq

(1.2)

−
e−
aq + OH · −−→ OH

(1.3)

nhν

H2 O −−→ H · + OH ·

(1.4)

2 OH · −−→ H2 O2

(1.5)

H · + H2 O −−→ H3 O+ + e−
aq .

(1.6)

These reactions have been widely found to enable the photochemical reduction of metal ions
in solution to form metal NPs in the absence of chemical reducing agents. 45–47,49–51,56,57,96
Figure 1.1 displays the laser and colloids formed under LRL conditions (labeled LRL). Although hydrated electrons and H2 O2 are particularly well-suited for photochemical conversion of Au(III) ions to Au NPs due to an autocatalytic reduction process 46,47,49 , the formation
of H2 O2 hinders the ability to apply this technique to fabricate uncapped, colloidally stable
NPs of other metals because H2 O2 acts as a strong oxidant. For instance, Ag0 and Cu+
back-oxidize to Ag+ and Cu2+ respectively, in the presence of H2 O2 97,98 , which inhibits the
formation of NPs via photochemical reduction of Ag+ or Cu2+ in an OB plasma. 96,99
Due to the well known back-oxidation of metals to cations (M0 → Mn+ ) in the presence
of H2 O2 formed from water photolysis, addition of hydroxyl radical scavengers (secondary
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alcohols) or stabilizers have been used to reduce the metal ions. 47,100 Preparation of metal
NPs in an OB plasma has also been made possible with the addition of other species to the
metal salt precursor, including TiO2 sodium citrate, and surfactants such as sodium dodecylsulfate (SDS). 101,102 In addition to modifying the chemical composition of the precursor
solution to synthesize metal NPs from fs-LRL, laser parameters such as the laser focus, pulse
energy, and irradiation time have been used to control the metal NP size, shape, and morphology. In a recent demonstration, the focus of a beam was adjusted from a tight focusing
geometry to a collimated beam, which modified the density of free electrons in the plasma.
As a result, size of Au NPs in the tight focus increased from 3.5 nm to 27 nm when the
beam was collimated. 74 The solution pH also affects the metal NP product morphology, and
in another experiment the size distribution of LRL-Au NPs improved from 8.6±6.7 nm at
pH 5.2 to 9.5±4.5 nm at pH 9.3. 74 These examples demonstrate the broad range of laser
and chemical parameters that may be modified to control the size, shape, and morphology of
metal nanoparticles and nanostructures synthesized from PLAL and LRL.

1.2.3

Reactive laser ablation in liquid

The previous section discussed the mechanisms involved in generating nanostructured materials using PLAL and LRL from ultrashort, intense laser pulses, and the experimental parameters used to control the morphology and composition of the products. In this section,
the laser-assisted method referred to as Reactive Laser Ablation in Liquid (RLAL) will be
discussed, which combines both the top-down and bottom-up approaches to nanomaterial
synthesis into one step, as displayed in Figure 1.1, labeled RLAL. When PLAL is conducted
in a liquid containing species that interact with the ablated target atoms to form a material
of different chemical composition to the target, it is called RLAL. The first demonstration of
RLAL in 2008 produced silica-capped Ag and Au NPs by ablating a silicon wafer immersed
in either Ag(NO3 ) or HAuCl4 aqueous solutions. 103 Since this initial work, many metastable
and unique bi- and multi-metallic nanostructures have been reported. For instance, mixedmetal Pt-Co and Pt-Co-Cu oxide NPs for fuel cell applications were synthesized by ablating
a Co target immersed in Pt and Cu metal salt solutions, and Ni-Fe layered hydroxides doped
with Ti and La for electrochemical water splitting were synthesized by ablation of Fe powder
in aqueous solutions of Ni, Ti, and La salts. 15,22,104–106 Complex metal-oxide mineral phases
of copper and zinc were synthesized by RLAL of Zn or Cu targets immersed in aqueous Zn
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or Cu salt solutions, and silica-supported Au or Ag nanomaterials have been synthesized by
ablating silicon wafers in aqueous gold or silver salt solutions. 103,107–110 Significant development of highly functionalized nanostructures has been made in the field of RLAL. However,
the above examples of the composite nanomaterials generated used nanosecond laser pulses.
As discussed in the previous section, the ablation mechanism of ns pulses follows a thermal
mechanism, while that of fs laser pulses follows an ionization-Coulombic explosion mechanism, resulting in higher ablation efficiency than ns laser ablation. This field is very new,
and very little research has been reported using fs laser pulses for RLAL to synthesize nanostructured metal-oxide materials. This work focuses on the synthesis and characterization of
metal-oxide composite nanomaterials generated from fs-RLAL, and the structure-property
relationships are investigated, leading to better understanding of the chemical components
that affect the morphology and composition of silica-Au, silica-Cu, and silica-Ni nanostructures.

1.3

Catalytic Applications

The ligand-free, bare surfaces of laser-synthesized NPs and nanomaterials make them valuable reference materials for model catalytic reactions. For example, the catalytic reduction
of para-nitrophenol by sodium borohydride was modeled using laser-synthesized Au NPs,
and had better experimental fit compared to chemically synthesized Au NPs to kinetic models. 36,111
Additionally, the simple and versatile fs-RLAL synthesis setup enables efficient exploration of various chemical and laser parameters that affect the product morphology and thus
the catalytic properties. 36,37 In addition to the electrostatically stabilized NPs, when the
nanomaterials are generated from ablation, the surface of the products contain high densities of structural defects, making them ideal catalysts. 36 Thus, the class of nanostructures
synthesized via laser irradiation, both LRL and PLAL, exhibit properties that are beneficial for catalytic applications. The elements explored in this work were chosen for their
reported applications in catalytic reactions. First, with the discovery that sub-5 nm diameter
Au NPs supported on silica exhibited superior catalytic oxidation of CO to CO2 than Au
NPs of larger diameters, researchers have investigated this structure-activity relationship for
decades. 10,112,113 Next, the motivation to fabricate catalytically active materials made up of
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earth-abundant elements led to the development of the silica-Cu and silica-Ni nanostructures.
Specifically, the hydrogenation of CO2 to carbon-containing feedstocks is an important reaction due to the abundance of CO2 in our atmosphere that is contributing to global changes in
weather. 114 Silica-Cu and silica-Ni nanostructures are known to selectively convert CO2 to
methanol and methane, respectively. By synthesizing silica-Cu and silica-Ni nanostructures
using fs-RLAL, the product materials may be used as reference materials to investigate the
specific bonding sites that contribute to the selectivity of these element-specific products. 24
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Chapter 2

Femtosecond-Reactive Laser Ablation
in Liquid
2.1

Materials and Methods

Materials Silicon wafers (n-doped, (111)-oriented, single side polished, 300 µm thick, NOVA
electronic materials), potassium tetrachloroaurate (KAuCl4 , STREM), potassium hydroxide
(KOH, Fisher), copper(II) nitrate (Cu(NO3 )2 , Fisher), nickel(II) nitrate (Ni(NO3 )2 , Fisher),
and nitric acid (HNO3 , Fisher) were used as received. Stock and working solutions were
prepared with purified water from a Millipore Ultrapure water system (resistivity is 18.2
MΩcm−1 at 25◦ C).

2.1.1

Sample Preparation

Ch. 3: Silica-Au Samples
Working solutions containing [AuCl4 ] – (0.1 mM) and KOH (0.55 mM) were prepared from
stock solutions (25 mM KAuCl4 and 200 mM KOH), using Millipore Ultrapure filtered water.
The working solution was prepared 18−24 hr before carrying out experiments and stored at
6◦ C. For each sample, 3.0 mL of the working solution was transferred to a 10×10×40 mm
quartz fluorimeter cuvette containing a micro-stir bar (Fisher Scientific) and equilibrated to
room temperature. The solution pH was measured to confirm it was 10.0±0.4, and a pre-cut
silicon wafer was placed inside the cuvette and secured against one side. For synthesis of
Au NPs via LRL, the working solution was transferred to a quartz cuvette without a silicon
wafer, and irradiated following the conditions outline in section 2.3.
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For the fs-RLAL samples, UV-vis measurements were taken to confirm complete conversion of the precursor [AuCl4 ] – solution to nanoparticles, with an irradiation time of 9
min required for complete conversion. UV-vis spectra of the sample after incremental laser
irradiation times are displayed in Figure 2.1a. Further details of determining the irradiation
time for the silica-Au NPs are provided in Appendix A.
Synthesis of Au NPs from LRL were carried out in a home-built in situ UV-vis spectrometer as described in section 2.3. The cuvette containing 3.0 mL of the working solution were
irradiated with laser pulses focused into the solution. UV-vis measurements were recorded
to confirm full conversion of the [AuCl4 ] – to Au NPs in 10 min, and the final UV-vis spectrum is displayed in Figure 2.1b. Further details of determining the irradiation time for the
controlAu NPs are provided in Appendix A.

Figure 2.1: UV-vis spectra of silica-Au NPs after incremental laser irradiation and spectrum of silica (SiO2 ) NPs generated from ablating a Si wafer in
water for 8 min. (a) Final spectrum of control Au NPs; inset shows in situ
UV-vis absorbance recorded at 450 nm to show growth of Au NPs (b).

Post-irradiation Sample Processing
The silica-Au NPs were centrifuged using a Fisher Scientific accuSpin Micro17 microcentrifuge. The as-synthesized samples were centrifuged for 30 min at 5,000 rpm, the pellet
was washed with water and centrifuged for an additional 30 min at 5,000 rpm. For TEM
imaging, the concentrated pellet was diluted and drop cast on a carbon coated copper TEM
grid (Ted Pella) and let dry under ambient conditions. For SEM-EDX and XPS analysis the
concentrated pellet was drop cast on conductive carbon tape and let dry at room temperature
under vacuum. For para-nitrophenol (PNP) reactions, the as-synthesized silica-Au or Au
NPs was added to the reaction flask. Further detail on this is provided in Section 2.4 and in
Appendix A.
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Ch. 4: Silica-Cu Samples
Working solutions of Cu(NO3 )2 (2.0 mM) were prepared from a freshly prepared aqueous
stock solution (50 mM) and the pH was recorded as ∼5.4. Either HNO3 (1.0 mM) was
added from a 10 mM stock solution or KOH (5.0 mM) was added from a 200 mM stock,
resulting in working solution pH values of 3.0 and 10.4, respectively. The working solution
was transferred to a 10×10×40 mm quartz cuvette (3.0 mL) equipped with a stir bar, and a
pre-cut silicon wafer was placed in a glass cuvette and secured to one side. Table 2.1 displays
the solution composition, sample name, and initial solution pH for the samples discussed in
Chapter 4.
Sample Name
Cu-silica-3.0
Cu-silica-5.4
Cu-silica-10.4

mM Cu(NO3 )2
2
2
2

mM HNO3 or KOH
1.0 mM HNO3
0
5 mM KOH

Initial pH
3.0±0.1
5.4±0.6
10.4±0.2

Table 2.1: Sample names and solution composition.

fs-RLAL irradiation of the Si wafer immersed in the working solution was conducted for
30 min while stirring (details of laser parameters in section 2.2), followed by centrifugation
for 15 min at 6,000 rpm (Thermo Fisher AccuSpin Micro 17). The supernatant was replaced
with water and centrifuged a second time for 15 min at 6,000 rpm. The pellet was diluted in
water and drop cast onto a carbon coated copper grid for TEM analysis. For SEM-EDX and
XPS analysis, the concentrated pellet was drop cast onto conductive carbon tape and let dry
under vacuum at room temperature. The pellet was dried under vacuum at room temperature
and collected for XRD, FTIR, and ICP-OES analysis. For the PNP catalytic reactions the
concentrated pellet was redispersed in 3 mL water and tested for its catalytic activity.

Ch. 5: Nickel-Phyllosilicate Samples
Working solutions were prepared directly in a 15 mL 10×40×40 mm glass cuvette from
Ni(NO3 )2 (50 mM) and KOH (500 mM) stock solutions. The cuvette was equipped with
a stir bar and a precut silicon wafer (NOVA electronics). Table 2.2 displays the sample
name and the solution composition of all samples prepared. After irradiation was complete,
the solution pH was recorded, and the sample was centrifuged for 90 min at 13,000 rpm,
washed with water and repeated. The supernatant was collected for characterization with
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ICP-OES, and the pellet was collected and dried at room temperature under vacuum for
characterization. For TEM imaging, one drop of the pellet was diluted to 1.0 mL water, and
drop cast onto a carbon-coated copper grid. The remaining pellet was dried under vacuum
at room temperature and the powder was collectd for XRD, and FTIR analysis, and was
deposited on conductive carbon tape for SEM-EDX, and XPS analysis.
Sample Name

mM Ni(NO3 )2

silica-5.9
silica-7.8
silica-10.3
silica-11.7
silica-Ni-5.9
silica-Ni-8.3
silica-Ni-10.6
silica-Ni-11.8

0
0
0
0
2
2
2
2

mM KOH

Initial pH

0
0.02
0.2
5
0
1
5
10

5.9±0.05
7.8±0.45
10.3±0.04
11.7±0.01
5.9±0.01
8.3±0.06
10.6±0.10
11.8±NA

Table 2.2: Sample names and solution composition prepared in this work.

2.2

Instrumentation

Laser irradiation was performed using a titanium-sapphire-based chirped-pulse amplifier
(Astrella, Coherent, Inc.) delivering 7 mJ, 30 fs pulses with bandwidth centered at 800 nm
at a 1 kHz repetition rate. The pulse energy was adjusted to 50−200 µJ with a zero-order
λ/2 waveplate (ThorLabs, Inc.) and broadband thin-film polarizer (Altechna), as well as a

dispersion compensated 90:10 (R:T) beamsplitter (Newport, Inc.).
Two focusing conditions were used for the different experiments carried out, and described below.

Laser Ablation in Liquid Conditions
For fs-RLAL samples, the silicon wafer in the cuvette was placed approximately 10 mm
before the focal point of a f = 50 mm lens. The high-numerical aperture lens ensures that
no filamentation occurs on the window of the cuvette or in the aqueous solution prior to
interaction with the Si wafer. The ablation spot size was 85 µm in diameter based on the
measurement of an ablated Si wafer with an optical microscope.
For the silica-gold NP synthesis, the pulse energy was attenuated to 50 µJ, corresponding
to a laser fluence of 0.88 J cm−2 , and a peak intensity of 2.9×1013 W cm−2 . The silica-Cu
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stage
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plasma

Si wafer

magnetic stir plate
Figure 2.2: fs-RLAL setup.

and silica-Ni samples were generated using 200 µJ pulses, corresponding to a laser fluence
of 3.5 J cm−2 and an intensity of 1.2×1014 W cm−2 . The sample cuvette was placed on a
miniature stir plate (Thermo Scientific) mounted to x- and y- motorized translation stages
(Thorlabs). The stages were mounted on a manually controlled z-direction stage (Thorlabs),
which was adjusted to focus the laser beam onto the Si wafer. The cuvette was translated in
the x- and y- directions at a rate of 0.5 mm/s during the irradiation experiments to move the
laser focus across the Si wafer. Figure 2.2 displays an image of the fs-RLAL experimental
setup.

Laser Reduction in Liquid (LRL) Conditions
The 11 mm (1/e2 ) diameter laser beam out of the laser was expanded to a diameter D = 29
mm (1/e2 ) prior to focusing with a f = 50 mm aspheric lens (Figure 2.3a). The resulting
focusing geometry is f /1.7, which is similar to the tightest focusing condition with a microscope objective reported in ref 115 and is significantly tighter than other recently reported
focusing geometries for Gaussian beams. 116,117 The beam waist and Rayleigh range in air
were measured with a CCD camera (ThorLabs, Inc.) to be w0 = 6.52 µm and z r = 77.7

Chapter 2. Femtosecond-Reactive Laser Ablation in Liquid

15

µm, respectively. The calculated peak irradiance at the focus (neglecting losses and plasma-

induced defocusing in front of the focus 115,118,119 ) was 1.25×1015 W cm−2 , and a fluence of
34.7 J cm−2 .
The laser beam was passed through at 10×10×40 mm quartz fluorescence cuvette containing the prepared KAuCl4 working solution (cf. section 2.1.1). The working solution was
irradiated for 10 min for sufficient conversion of the [AuCl4 ] – to Au NPs. To monitor the
kinetics of [AuCl4 ] – reduction during irradiation, the irradiation experiments were carried
out in a home-built in situ UV-vis spectrometer consisting of a stabilized deuterium tungsten
light source (Ocean Optics, DH2000-BAL), optical fibers, two pairs of off-axis parabolic
mirrors, and a compact spectrometer (Ocean Optics, HR4000), see Fig. 2.3. The UV-vis
spectrum of the irradiated solution is provided in Fig. ??b along with the absorbance at 450
nm over time, representing the formation of Au0 .

Figure 2.3: Diagram of laser setup for PCR (a). Home built in situ UV-vis
experimental setup for PCR experiments (b).

2.3

Characterization

Transmission Electron Microscopy (TEM) TEM images were collected on a JEOL JEM1230 TEM at 120 kV. High resolution TEM (HRTEM) images and SAED patterns were
collected on an FEI Titan 80 300 kV with a Gatan 794 Multi-Scan Camera. Samples were
prepared by drop-casting the diluted or re-dispersed powder pellet onto a carbon-coated copper grid (100 mesh, Ted Pella, Inc.) and left to dry for at least 24 hr at room temperature.
Size distributions were determined by measuring 300 individual particles from three separate
parts of the grid using ImageJ software. Gatan Microscopy Software Suite version 3.x was
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used to determine the crystal lattices of the nanoparticles in the HRTEM images. Details on
this process are described in the Appendix B.
Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDX)
SEM-EDX was carried out on a Hitachi FE SEM SU-70 (spatial resolution 1.0 nm) equipped
with an Energy Dispersive X-ray Spectroscopy (EDX) detector. Images were obtained at 10
keV and elemental analysis was conducted at 20 keV, with ZAF standardless quantification
employed for EDX measurements. Samples were prepared by either drop casting the centrifuged pellets or dispersing the dried powder pellets onto conductive carbon tape stabilized
on an aluminum stage, and drying under vacuum at room temperature.
X-ray Diffraction (XRD) XRD was conducted on a Panalytical Empryrean Diffractometer with CuKα radiation (λ = 0.15418 nm) at 40 kV and 45 mA, with scanning angle (2θ ) of
10−90◦ and a gonio focusing geometry. Samples were prepared for XRD analysis by drying
the centrifuged pellet under vacuum at room temperature and collecting the dried powder.
X-ray Photoelectron Spectroscopy (XPS) XPS was conducted on a PHI VersaProbe III
Scanning XPS Microprobe with a monochromatic Al kα X-ray source (1486.6 eV) run at 25
W and 15 KV, with a pass energy set to 112 eV for survey scans and 69 eV for high resolution
spectra. A spot diameter of 100 µm was irradiated using a take off angle of 90◦ , and a detector was situated at an angle of 45◦ . Charge neutralization was achieved by employing an ion
gun and a flood gun during the analysis. Samples were prepared by either drop casting the
centrifuged pellet or depositing the dried powder onto conductive carbon tape. Sample analysis was carried out using CasaXPS Software version 2.3.19PR1.0, employing Gaussian and
Lorentzian convolution to fit the spectral lines, and all high resolution spectra were corrected
by shifting the C1s peak at 284.8 eV.
Fourier Transform Infrared Spectroscopy (FTIR) FTIR analysis was conducted on a
Nicolet iS50 FTIR spectrometer equipped with a mid- and far- IR-capable diamond ATR.
Spectra were obtained using 32 scans in the range of 4000 to 400 cm−1 with 5 cm−1 resolution. Samples were prepared for FTIR analysis by drying the centrifuged pellet under
vacuum at room temperature and collecting the dried powder.
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) ICP-OES
was carried out on a Varian VISTA-MPX inductively coupled plasma optical emission spectrometer. Analysis of elements (Cu, Au, Si) was achieved by digesting the dried pellet in
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a 1:1 H2 O:HNO3 solvent and sonicated overnight. Elements were quantified against an external calibration curve prepared from 1000 ppm stock standard solutions of Au, Cu, and Si
(Inorganic Ventures). Analysis of Ni content in the supernatant (Section 5) was achieved by
centrifuging the as-prepared samples at 13,000 rpm for 90 min followed by filtering of the
supernatant solution through a 0.22 µm cellulose filter, and dispersed in 6 v/v% HNO3 in
water.
Electrospray Mass-Spectrometry (ESI-MS) ESI-MS data were run in the Mass Spectrometry facility at VCU. The spray voltage was operated at 3.5 V using a flow rate of 0.7
µL/min. Data was collected using LTQ-Tune and visualized with Qual Browser (Thermo

XCalibur software). Samples were prepared by filtering (0.22 µm cellulose) the supernatant
(13,000 rpm for 90 min) and mixing 1:1 with acetonitrile.

2.4
2.4.1

Para-nitrophenol Reduction Catalytic Reactions
Materials and Methods

Sodium borohydride (NaBH4 , Acros Organics) and para-nitrophenol (PNP, Acros Organics)
were used as received. Stock and working solutions were prepared with purified water from
a Millipore Ultrapure water system (resistivity is 18.2 MΩcm−1 at 25◦ C).
The catalytic reduction of para-nitrophenol (PNP) by NaBH4 was carried out in a homebuilt in situ UV-vis spectrometer. In a typical catalytic run, the catalyst was was either used
as prepared (silica-Au, Au NPs, Section 3.3), or the centrifuged pellet was redispersed in 3.0
mL water (silica-Cu samples, Section 4.3.1), and 300 µL of the catalyst solution was added
to a cuvette containing PNP (0.1 mM) and NaBH4 (10 mM) while stirring. The PNP was
added from a stock solution (1.5 mM) and the NaBH4 was added from a freshly prepared
stock solution (100 mM). The absorbance at 400 nm (as the para-nitrophenolate ion) was
recorded, and the reaction was considered complete when it had disappeared completely.
Data processing for the PNP reaction was conducted based on the methods of Ref. 120 and
details are provided in Appendix A.

2.4.2

Instrumentation

The PNP catalytic reactions were carried out in second a home-built in situ UV-vis spectrometer consisting of a deuterium-tungsten lamp (Ocean Optics, DH2000-DUV), a sample
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holder for 10×10×40 mm cuvettes placed on a stir plate, and a compact spectrometer (Ocean
Optics, USB4000) connected via optical fibers. Spectra were recorded once per 1.2 s using
LabVIEW software (National Instruments). A figure of the experimental setup, UV-vis spectra over time, and details on calculating the apparent rate constant are provided in Appendix
A.
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Chapter 3

Silica-Gold Nanostructures
In this chapter the synthesis conditions and reaction timescales for fs-RLAL of silica-Au NPs
are explored. By combining the ‘bottom up’ approach of generating Au NPs with the ‘top
down’ method of laser ablation to generate silica nanomaterials into one step, silica-stabilized
Au NPs are fabricated. The timeline of reactive species generated in the ablation plasma will
be discussed to describe the morphology and composition of the silica-Au NPs formed from
fs-RLAL.

3.1

Background and Motivation

Supported gold nanocrystals were identified to be highly effective catalysts for CO oxidation
at very low temperatures in the 1980’s, initiating intense research in understanding both the
synthesis conditions for optimizing the catalytic activity of oxide-supported Au nanocrystals
and understanding the active sites for this low-temperature catalytic reaction. 113,121 While
the most active support materials included TiO2 , CeO2 , and Fe2 O3 , silica has also been investigated due to its inert chemical properties, to isolate the Au nanocrystals’ activity toward
the CO oxidation reaction. 122 Laser-assisted synthesis of nanomaterials are advantageous for
exploring bonding environments and active catalytic sites due to their stability without added
surfactants. Preparing silica-Au NPs from fs-RLAL by ablating a silicon wafer immersed
in [AuCl4 ] – solutions and comparing the catalytic activity to Au NPs generated under LRL
conditions may provide insight to the role that the silica support plays in the catalytic activity
of silica-Au nanocomposites.
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Morphology and Composition of Au-Silica Nanostructures

The silica-Au NP and control Au NP samples were visualized using TEM, with representative images displayed in Fig. 3.1 and in Appendix B. The silica-Au NPs in Fig. 3.1a
show two distinct populations of particles; larger, often isolated particles (light blue arrow in
Fig. 3.1a, ‘isolated particles’) and small particles within a matrix (dark blue arrow in Fig.
3.1a, ‘stabilized particles’). The size distribution of the isolated particles was determined
by counting particles that were separate from the silica matrix, yielding 7.0±2.0 nm (light
blue histogram, Fig. 3.1c). To measure the size distribution of the stabilized particles, the
as-synthesized sample was centrifuged under extreme conditions to separate out the isolated
particles (10,000 rpm, 30 min). Fig. 3.1b shows a TEM image of the centrifuged pellet,
where the small Au NPs remain dispersed within the silica matrix (dark blue arrow in Fig.
3.1b), while isolated Au NPs that were not removed during centrifugation agglomerated to
form a chain-like structure (light blue arrow in Fig. 3.1b). In the centrifuged pellet, only
particles visually found within the silica matrix were counted to obtain the size distribution
of 1.9±0.7 nm (dark blue histogram, Fig. 3.1c). The control Au NPs in Fig. 3.1e were larger
and more polydisperse, having a mean diameter of nm (Fig. 3.1f), and several nanotriangles
were visible as well.
SEM-EDX was used to visualize the surface morphology of the sample and quantify
the Au and Si present in the supernatant and centrifuged pellet portions of the silica-Au NP
sample. Fig. 3.1d shows an SEM image of the centrifuged pellet, showing many spherical
grey particles and amorphous structures decorated with white edges. Since the sample was
not sputter-coated prior to imaging it is unclear whether the white portion of the image is due
to the conductive Au present, or due to charging of the non-conductive silica. However, EDX
analysis of the sample detected some gold (8.7 wt.%) and mostly silicon (76.8 wt.%), while
the remainder of the sample contained oxygen (not reported). The supernatant contained
more gold than the pellet did, with 44.6 wt.% Au and 12.3 wt.% Si (Fig. B2 in Appendix
B; oxygen not reported). Control silica NPs were also analyzed with SEM-EDX, revealing
similar surface morphology to the silica-Au NPs, and a small amount of gold present in the
sample, likely from contamination in the cuvettes used (0.36 wt.% Au, 89.2 wt.% Si, Fig.
B2b in Appendix B).
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Figure 3.1: TEM image of as-synthesized (a) and centrifuged pellet (b)
silica-Au NPs. Size distribution of as-synthesized silica-Au NPs (c). SEM
image with EDX quantification of Si and Au in centrifuged pellet silica-Au
NPs; scale bar represents 200 nm (d). TEM image of control Au NPs (e)
with size distribution (f).
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HRTEM analysis (Fig. 3.2a) shows polycrystalline particles, with lattice spacings corresponding to fcc-Au. Both populations of the silica-Au NPs are polycrystalline, as shown
in the inset of the HRTEM in Fig. 3.2a. The spacings were measured to be 2.32 Å, 2.10 Å,
and 1.45 Å, corresponding to the (111), (200), and (220) planes of fcc-Au. The matrix containing the small Au NPs appears to be amorphous, since no lattice spacings were observed.
The control Au NPs were also polycrystalline, with the 2.44 Å, 2.35 Å, and 1.39 Å spacings
corresponding to the (111) and (220) planes of fcc-Au. The fast Fourier transform (FFT) of
the Au NPs within the red square of Fig. 3.2b confirms the fcc-Au pattern.

Figure 3.2: HRTEM image with lattice spacings for silica-Au NPs (a) and
HRTEM image, lattice spacings and FFT of control Au NPs (b).

HAADF-STEM images of the silica-Au NPs revealed white spheroid particles and grey
amorphous material, corresponding to gold and silica, respectively. Due to the significantly
different atomic numbers between gold and silicon, it is possible to visually identify the two
elements: the higher atomic number element has higher contrast (gold = white) than the
lower atomic number element (silicon = grey) [47]. The EDX spectrum in Fig. 3.3a taken of
an isolated Au NP (white particle) inside the red circle shows the presence of both Si and Au.
While the area in the red circle appears to be all white, corresponding to Au, the Si detected
could either be from surrounding Si in the matrix, or due to interstitial Si atoms within the Au
crystal lattice. Since the XRD patterns of the silica-Au NPs and the control Au NPs match
(Fig. 3.4), it is likely that the Si detected with EDX is predominantly from the amorphous
silica near the free Au NP, although small amounts of interstitial Si in the Au NPs cannot
be ruled out. In Fig. 3.3b, the EDX spectrum of a barely visible light particle inside the
red circle contains mostly silicon and a small amount of gold, indicative of a small Au NP
stabilized by a large amount of silica. This result is consistent with the small particles visible
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in the TEM images in Fig. 3.1 and Fig. 3.2a of small Au NPs stabilized by a silica matrix.

Figure 3.3: HAADF-STEM image of silica-Au NPs with EDX spectrum
taken of portion inside red circle.

The XPS spectra from the Au4f, Si2p, and O1s atomic orbitals for the silica-Au NPs,
control Au NPs, and control silica NPs generated from ablating a silicon wafer in water are
displayed in Fig. 3.5; peak fittings with binding energies, atomic percentages, and suggested
species are presented in Table 3.1. The Au4f spectra reveal both neutral Au0 and oxidized
surface Au atoms in the silica-Au NPs and control Au NPs. The 84.0 eV binding energy
corresponds to bulk Au0 , while peaks at slightly lower binding energy near 83 eV represent
low coordinated Au0 atoms. 123–125 The control Au NP sample contained significantly more
low coordinated Au0 atoms than the silica-Au NP sample. The peak near 85 eV corresponds
to partially oxidized Au atoms or low coordinated Au1+ atoms (Au1+ ) in Fig. 3.5 and Table
3.1. 124 In addition to the Au1+ species, a peak at 85.8 eV was fit in the silica-Au NPs only,
corresponding to as Au2 O3 surface oxide species. 126 This oxidation state was not fit in the
control Au NP sample.
The Si2p spectrum for the silica-Au NPs in Fig. 3.5b contains the expected peaks at
103.5 eV for SiO2 128–130 and 99.4 eV for Si0 128–130 , with an additional peak at 98.0 eV,
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Figure 3.4: XRD patterns for silica-Au NPs (blue) and Au NPs (red). Peaks
highlighted for Si (grey) and Au (pink) related spacings.

Figure 3.5: XPS spectra for Au4f (a), O1s (b), Si2p (c) atomic orbitals for
silica-Au NPs (blue), Au NPs (red), and silica NPs (black) with fitted peaks.
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Species
Low coord. Au0
Au0
Au1+
Au3+
Si1−∗
Si0
Si1+ (Si2 O)
Si3+ (Si2 O3 )
Si4+ (thin SiO2 )
SiO2 (thick/quartz)
Aux Oy
Au2 O3
Aux (OH)y
SiO2 (amorphous)
SiO2 (quartz)
SiO2
Au−Cl

Silica-Au NPs
82.9; 7%
83.83; 72%
84.9; 13%
85.8; 8%
98.0; 11%
99.4; 8%
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Au NPs
82.8; 30%
84.0; 55%
85.2; 15%

SiO2 NPs

98.3; 13%
99.8; 6%
100.9; 2%
101.9; 100%

102.9; 69%
104.6; 12%
529.8; 1%
531.2; 9%

103.4; 64%
105.4; 15%
529.0; 2%
530.5; 5%
531.3; 93%;
530.7; 1%
532.8; 5%
533.1; 94%

532.6; 90%
199; 100%

198.5; 100%

Bulk (reference)
83.3 eV 123–125
84.0 eV 123–125,127
85.2 eV 124
85.8 eV; 126
99.4 eV 128–130
100.5 eV 129–131
102 eV 129
102.6−104 eV 128–130,132,133
529−530 eV 134
530.2 eV 134
531.2 eVa 134
530.7 eV 135
532.9 eV 128,136
533.2−534 eV 128,132,136–138
198.8−199.2 eV 136 b

Table 3.1: Binding energy (eV) and atomic percent of various species deconvoluted from XPS analysis. Binding energy values correspond to Au4f7/2 ,
Si2p3/2 , O1s, and Cl2p3/2 peaks. ∗ Suggested species not reported in literature. a Value reported for Au(OH)3 . b Binding energies reported for transition
metal chloride compounds.

which has not been previously reported. Due to its proximity to the neutral Si0 species, the
peak at 98.0 eV is most likely in the form of Si1− , since the Si1+ is shifted up by 1 eV
from the Si0 peak. 129–131 The presence of this putative Si1− species is surprising due to the
electropositive nature of Si, but the accessibility of metastable phases in the nonequilibrium
environment formed at the plasma-water interface could enable the formation of such exotic
species. 139–141 The large peak centered around 103.5 eV in the silica-Au NPs was fit with two
peaks which are likely two types of silica species with different electronic structures 128,137 ,
or silicon species with different oxide layer thicknesses. 129,138 The more abundant peak at
102.9 eV could be a thin oxide layer, 129 or it could be bound with gold particles, as reports
with silica and colloidal Au may have a slightly lower binding energy to silica alone. 128 The
peak at 104.6 eV is on the higher range of binding energies for silica, which could be due to
a thicker oxide layer in 128 the matrix or the presence of large silica particles, 129,138 based on
a recent report of 104.3 eV binding energy of a 200 nm thick layer of silica. 138 Alternatively,
the higher binding energy peak may arise from quartz based on previous XPS studies. 128,142
The control silica NPs synthesized in water contain the same peaks in the Si2p spectrum,
confirming that these species are formed from laser ablation of the silicon wafer in liquid,
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regardless of the presence of metal salt. A small peak (2%) corresponding to Si1+ 129–131 was
also present in the control silica NPs; the other peaks are shifted to slightly higher binding
energies compared to the silica-Au NPs. 138 This could also be due to the general oxide layers
being thicker 129,138 or due to the absence of Au NPs. 128 Gross et al. studied binding energy
shifts of silica with and without colloidal gold, and found that with quartz species, the Si2p
binding energy shifted down slightly when colloidal gold was present, while silica gel exhibited no binding energy shift whether the gold was present or not. 128 TEM, HRTEM, FFT and
lattice spacing measurements of the control silica NPs (Fig. 3.6, more details in Appendix
B) show two populations of silica: amorphous and polycrystalline particles. This reflects the
two deconvoluted peaks in the Si2p spectrum, although it is difficult to assign peaks to the
different morphologies, due to overlapping binding energies reported for the different silica
species. 127,128,132,137,138 The weak Si2p signal in the control Au NP sample may be partially
oxidized Si species arising from contamination from the quartz cuvette used for irradiation
experiments.

Figure 3.6: TEM images of silica NPs generated from ablating a silicon
wafer immersed in water (a). HRTEM with FFT and lattice spacings of silica
NPs (b).

The O1s spectra in Fig. 3.5 show that most of the O1s surface species in the silica-Au NPs
is from silica, 136,137 and a small percentage from oxidized gold (Au2 O3 and Au(OH)3 ). 134
The binding energy assigned to SiO2 at 532.6 eV matches closely to that reported by Gross et
al. for quartz with colloidal gold (532.7 eV), and is close to the reported value for crystalline

quartz. 135 Although the HRTEM image for the silica-Au NPs (Fig. 3.2a) does not contain
any crystalline silica species, XPS analysis can identify species not visible with electron
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microscopy imaging. The control Au NPs contain mostly oxidized gold species, corresponding to surface hydroxides. The binding energy at 531.3 eV is close to that of Au(OH)3 , 134
giving the surface gold atoms a Au3+ oxidation state that was not detected in the Au4f spectrum for the control Au NPs. Partial oxidation of the gold surface atoms is likely the case.
Three peaks were deconvoluted in the control silica NPs O1s spectrum, with a small (1%)
amount corresponding to that of amorphous silica, 135 and the other two in the range of silica species. 128,129,132,136,138 The peak at 532.8 eV closely matches reported binding energy
values for quartz (532.7 eV 135 ), while the majority of the O1s signal comes from the peak
deconvoluted at 533.1 eV, which is close to the 533.2 eV binding energy reported for silica. 128,129,132,136,138 It is difficult to assign species based on the Au4f, Si2p, and O1s XPS
spectra due to overlapping binding energies reported. However, we hope to demonstrate the
multiple types/populations of silica generated from our fs-RLAL approach.
The Cl2p binding energies are presented in Table 3.1, and the spectra are displayed in
Appendix B, Fig. B4 The peaks correspond to metal chlorides, likely from the KAuCl4
precursor. 136

3.3

Catalytic Reduction of Para-Nitrophenol

The catalytic reduction of para-nitrophenol (PNP) to para-aminophenol (PAP) by sodium
borohydride is a common model reaction to test the catalytic activity of metal nanoparticles. 111,120 This reaction was used to compare the as-synthesized silica-Au NPs to the control Au NPs, to see if the added silica support enhanced the catalytic efficiency compared to
control Au NPs. Table 3.2 displays the size, specific surface area (SSA), and catalytic rate
constants comparing the silica-Au NPs and the control Au NPs synthesized in this work. The
6.17 nm diameter of the Au NPs in the silica-Au NP sample was weighted by assigning the
Au quantified from SEM-EDS analysis of the centrifuged pellet to the stabilized Au NPs (1.9
nm, 8.7 wt%), and the amount of Au detected in the supernatant to the isolated particles (7.0
nm, 44.6 wt%). Calculations for the weighted mean diameter and other values reported in
Table 3.2 are provided in the Appendix B.
The rate constant is normalized to the moles of Au added to the experiment, reflecting the
efficiency of Au atoms present in the nanocatalysts independent of the size dispersity, while
the SSA-normalized rate constant depends on available surface sites driving the PNP reaction.

Chapter 3. Silica-Gold Nanostructures
Property
size (nm)
kAu (s−1 ) µmol−1
SSA (m2 L−1 )
k1 (s−1 L m−2 )
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Silica-Au NPs
a

6.17
0.104 ± 0.013
0.97 b
0.0053 ± 0.0007

Control Au NPs
9.3±4.6
0.067 ± 0.011
0.64
0.0051 ± 0.0009

Table 3.2: Summary of nanoparticle size, specific surface area (SSA), and
rate constants.a Weighted mean diameter calculated using 1.9 nm stabilized
and 7.0 nm isolated Au NPs; weighted amounts taken from wt.% quantified
using SEM-EDS. b SSA calculated using 6.17 nm weighted mean diameter of
Au NPs. Calculations provided in Appendix B.

When the rate constant is considered, the silica-Au NPs are much more catalytically active
compared to the control Au NPs, showing higher efficiency of the Au atoms in the sample.
However, when the SSA of the samples is normalized, the rate constant of the silica-Au NP
sample is not significantly different than the control Au NPs. This reflects the inert chemical
behavior of the silica support material, which is not expected to enhance the catalytic activity
of the silica-Au NPs. 143,144

3.4

Reaction Timelines

To explain the formation of two populations of silica-Au NPs in fs-RLAL, we consider the
timescales of chemical reactions in the initially generated plasma and material ejection from
the Si wafer occurring in our experiments. Due to the extremely short duration of the femtosecond laser pulse as compared to the nanosecond pulses typically used in RLAL, both
plasma reactions and material ejection can occur on significantly faster timescales than the
∼µs timescales of cavitation bubble formation and collapse. Here, we will focus on how

these early reactions taking place on timescales of tens of femtoseconds through nanoseconds can form two types of silica-Au NPs.
We first consider reactions in the initially formed plasma at the water-Si interface. The
laser intensity used in our experiments exceeds the optical breakdown (OB) threshold of
1013 W cm−2 for 800 nm, 30 fs pulses in water, 90 and the fluence is sufficient to produce an
electron-hole pair density at the Si surface exceeding the critical threshold of 1022 cm−3 for
ablation. 76,145 The electrons generated in the OB plasma (Eqs. 1.1, 1.2, 1.3) and ejected from
the Si surface can induce Au3+ reduction (Eq. 3.1). The timescales for both electron formation processes are on the order of a few tens of femtoseconds, 76,77,145,146 and the resulting
electrons become hydrated (Eq. 1.2) on a timescale of several hundred femtoseconds. 94,95
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Because hydrated electrons react with [AuCl4 ] – with a diffusion-controlled rate constant of
6.1×1010 M−1 s−1 147 and have a lifetime in pure water of hundreds of ns 148 , [AuCl4 ] – reduction in solution can begin within hundreds of femtoseconds of the laser pulse and occur
during the next several ns. As a result, a significant fraction of the available [AuCl4 ] – near
the laser focus may be consumed within 1 ns of the laser pulse. The OB plasma also contains
OH radicals that lead to the formation of H2 O2 (Eq. 1.5) on the timescale of ∼10 ns−10
µs. 148 This peroxide formation induces autocatalytic surface growth of the gold clusters to

larger nanoparticles (Eq. 3.2). 46,47,49 We propose that this plasma-mediated mechanism beginning within tens of femtoseconds following arrival of the laser pulse drives the formation
of the larger isolated Au NPs in our experiments.

[AuCl4 ]− +

−
[AuCl4 ]− + 3 e−
aq −−→ Au(0) + 4 Cl

(3.1)

3
3
H2 O2 + Aum −−→ Aum+1 + O2 + 3 HCl + Cl−
2
2

(3.2)

Second, we consider the dynamics of material ejection from the Si surface. After the
removal of free electrons, a strong electrostatic field develops on the Si surface due to the
charge separation, which ultimately pulls out silicon atoms and ions from the surface if the
laser fluence is above the ablation threshold. 76,77,145 Our fluence of 0.88 J cm−2 exceeds the
reported ablation threshold for Si in water with fs laser pulses (0.16 J cm−2 75 ) by a factor
of 5.5. At fluences up to three times the ablation threshold, both experiments and molecular dynamics simulations report the beginning of material ejection on a timescale of tens
or hundreds of ps after the laser pulse, depending on the target material and environmental
conditions (Table 3.3). 76,139,141,146,149 While reported timescales for Si ejection are typically
faster than 100 ps, 76,146,149 these studies were conducted in air or vacuum, without the confinement provided by the water environment. The slower timescales of 200−500 ps reported
for Ag in water 139,141 likely provide a better estimate for the ejection of Si atoms into the surrounding water in our experiments. Subsequent ejection of larger molten droplets can then
occur on timescales of several ns. 139 These Si species in the expanding low-density Si-water
mixing region or injected into the colder water above will undergo rapid oxidation and cooling and can provide nucleation sites for nearby gold ions. We propose that the ejection of Si
species on the sub-ns timescale leads to formation of the stabilized silica-Au NPs. The small
size of the Au NPs stabilized by the silica matrix may result from either depleted [AuCl4 ] –
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concentration due to the plasma reactions discussed above or silica species coalescing around
the initially formed Au nuclei, halting further growth.
Materials

Pulse Duration (fs)

Environment

Timescale (ps) / Ref.

Si
Si
Si
Ag
Ag

130
500
90
40
104

air
vacuum
air
water
water

20−100 76
24 149
10−100 146
200 141
500 139

Table 3.3: Reported timescales for onset of material ablation with femtosecond pulses.

The proposed reactions and timescales in our experiments that lead to each population
of silica-Au NPs are illustrated in Fig. 3.7. At early times during and immediately after the
pulse, the plasma reactions begin. Free electrons generated in the plasma at the Si-water interface hydrate and react with the initially high concentration of [AuCl4 ] – , forming Au nuclei
within hundreds of fs to a few ns. These can coalesce and react with the H2 O2 generated beginning around 10 ns to predominantly form the larger isolated Au NPs. Meanwhile, surface
reactions begin around 100 ps or later. The ejected Si atoms and liquid droplets oxidize and
coalesce, at which point they can react with the remaining [AuCl4 ] – and Au nuclei present.
The expected low concentration of [AuCl4 ] – near the Si-water interface at around 1 ns after
the laser pulse could give rise to the predominant formation of ultrasmall Au NPs stabilized
by the Si that is ejected. Alternatively, the encapsulation of the growing Au nanoclusters by
the Si species could quench the growth. The presence of some large Au NPs that appear to be
attached to the Si matrix (Fig. 3.1a) may be accounted for by Au NPs formed in the plasma
reactions coming into contact with the Si species prior to their cooling. Finally, we note that
the formation of cavitation bubbles beginning approximately 100 ns after the laser pulse [58]
could contribute to the observed silica-Au NP morphologies, particularly for the stabilized
Au NPs.
Both the isolated and embedded silica-Au NPs formed in our experiments have significantly different morphologies as compared to silica-Au NPs prepared from ns-RLAL, indicating that completely different reaction dynamics from those depicted in Fig. 3.7 occur when
ns lasers are used. Saraeva et al. generated small 10 nm Au NP-decorated 1 µm silica particles from ns-RLAL of a silicon wafer immersed in a [AuCl4 ] – solution. 150 They reported

Chapter 3. Silica-Gold Nanostructures

31

Figure 3.7: Proposed timescales of reactions in fs-RLAL.

that no Au NPs formed in the absence of the Si wafer, indicating that [AuCl4 ] – reduction occurred primarily through reaction with ablated Si species through processes such as galvanic
replacement. 150 In contrast, the formation of Au NPs from plasma reactions in water alone
indicates that [AuCl4 ] – reduction in fs-RLAL can occur without any Si species interactions,
as we propose in Fig. 3.7. Liu et al. employed a double beam ns-RLAL approach using a
355 nm, 2 ns pulse for ablation and a 532 nm, 10 ns pulse to irradiate the ablation plasma,
resulting in large silica particles (200−500 nm) possessing wrinkled surfaces, silica particles
with veins of gold throughout, and silica-core/Au-shell particles. 140 They reported that irradiation of the plasma region at a wavelength resonant with the Au SPR frequency facilitated
the reduction of [AuCl4 ] – to form Au NPs that encapsulate the ejected Si species. 140 The
simultaneous material ejection and metal salt reduction timescales over hundreds of ns in the
latter experiments are distinct from the likely separate timescales of metal salt reduction and
material ejection that can occur in fs-RLAL. Further investigation of the different nanoparticle formation mechanisms in ns- and fs-RLAL is needed to fully understand the origin of the
distinct particle morphologies produced.

3.5

Conclusions

This work introduced a fs-RLAL approach as a facile route to silica-Au NPs with significantly smaller Au NP sizes than accessible in previously reported ns-RLAL studies. The
silica-Au NPs were found to be active towards catalytic reduction of PNP by NaBH4 , with
similar surface area normalized activity when compared to the control Au NPs synthesized
in the absence of Si. Characterization of the products revealed two populations of Au NPs-
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(i) larger, predominantly isolated Au NPs (7.0±2.0 nm), and (ii) small Au NPs (1.9±0.7 nm)
stabilized by an amorphous silica matrix, along with previously unreported silica species
deconvoluted in the Si2p XPS spectra. Considering the timescales of reactions in a fs-laser
optical breakdown plasma and material ejection from ablation, we proposed formation mechanisms for the two observed populations of silica-Au NPs. Unlike in ns-RLAL, we expect
that photochemical reduction of metal ions can occur before material ejection in fs-RLAL,
potentially enabling unprecedented control over accessible particle morphologies due to the
separation of the reduction and ablation steps. Further elucidation of the distinct chemical reactions and timescales occurring in ns- and fs-RLAL is needed to advance the rational design
and synthesis of catalytically active nanostructures using this readily generalizable approach.
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Chapter 4

Silica-Copper Nanostructures
4.1

Background and Motivation

Copper nanoparticles (Cu NPs) are valued for their low cost, high conductivity, and thermal
stability, making them a popular alternative to rare earth metals for biological sensing and
imaging, 151 antimicrobial applications, 152 inkjet-printable electronics, 143 and catalysis. 18 In
particular, the ability of copper to access many oxidation states makes supported Cu NPs active catalysts towards reactions such as electrochemical reduction, 28 thermochemical hydrogenation, 153 and photochemical reduction of CO2 , 154 photocatalytic degradation of organic
dyes, 155 and other organic transformations. 27,156,157
While Cu NPs possess high catalytic activity and high temperature stability, a major bottleneck to using copper-based nanomaterials for catalysis is the propensity for small Cu NPs
to agglomerate, and for Cu surfaces to oxidize. Support materials such as graphene, oxides,
polymers, and metal-organic frameworks (MOFs) are added to prevent agglomeration and
surface oxidation, while preserving the high catalytic activity of Cu NPs. 18,26,158 In particular, silica has been used as a support material for various metal NPs due to the silanol surface
groups that enhance binding with metal NPs. 18,29 The majority of synthesis approaches to
fabricating copper-silica nanostructures involve wet chemical methods such as incipient wetness impregnation, deposition-precipitation, strong electrostatic adsorption, and ammonia
evaporation. 18,26–30 In these methods, the silica is either prepared by the Stöber method or
purchased commercial amorphous/fumed silica, and the copper is added in the form of a salt
complex. Copper-silica bonding is achieved by heating up the slurry or solution, followed by
calcining the finished product. A drawback of many of these methods is that uneven distribution of the copper complex throughout the silica often results in poorly dispersed Cu NPs
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with large size distributions and low copper loading. In this chapter, the synthesis of silicaCu nanostructures are prepared using the fs-RLAL technique (details in Section 2. Different
morphology silica-Cu nanoparticles were formed when the fs-RLAL synthesis was carried
out in different pH precursors, and the results are discussed below.

4.2

pH-Dependent Morphology of Cu-Silica Nanostructures

The three Cu-silica (sample names provided in Table 2.1) products are visualized in the
TEM images displayed in Fig. 4.1a-c with detailed insets, and additional TEM images are
reported in Appendix C. While all three products contain large spherical particles around
∼70−100 nm in diameter, these particles are most abundant in the Cu-silica-3.0 sample, and

rarely seen in the Cu-silica-10.4 sample. Many of the spherical particles in the Cu-silica3.0 and Cu-silica-5.4 samples are smooth throughout the entire particle, while some have a
darker core and lighter shell, indicative of a Cu-core and silica-shell structure (insets in Fig.
4.1a and b). The Cu-silica-3.0 sample had very few core-shell particles. Size distribution
analysis was possible on only 43 particles, and histograms of the core and outer diameter
are displayed in Appendix C. The Cu-silica-5.4 had substantially more core-shell particles
than the Cu-silica-3.0 sample, with size distribution analysis displayed in Figure 4.1d. The
inner core had a mean diameter of 22.4±14.4 nm with sizes ranging from 2−63 nm, and the
outer shell mean was 32.1±14.8 nm with sizes ranging 12−84 nm in diameter. Figure 4.1d
displays histograms fit to Log-normal distributions of the inner and outer diameters of the
Cu-silica-5.4 sample. The Cu-silica-10.4 sample exhibits completely different morphology
from the samples produced at lower pH (Fig. 4.1c). This product predominantly contains
small, 1.52±0.75 nm Cu NPs dispersed throughout a matrix made up of long nano-needles
and amorphous structures, along with a few large spherical particles decorated with small Cu
NPs (inset). A histogram of the Cu NPs is displayed in Fig. 4.1e fit to a Gaussian distribution.
HRTEM images of the Cu-silica-5.4 and Cu-silica-10.4 products are displayed in Fig.
4.2a and c with SAED patterns (Fig. 4.2b and d). HRTEM analysis was not performed on the
Cu-silica-3.0 sample due to the low number of core-shell particles. The inset in the Cu-silica10.4 HRTEM image shows a small crystalline nanoparticle with lattice spacings measuring
2.13 Å corresponding to the (200) plane of Cu2 O. 159 The bottom inset of Fig. 4.2a shows the
amorphous structure of the silica. The SAED pattern in Fig. 4.2b has two faint diffraction
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Figure 4.1: TEM images of Cu-silica samples at pH 3.0 (a), pH 5.4 (b), and
pH 10.4 with histograms of Cu-silica-5.4 (e) and Cu-silica-10.4 (e).

rings measuring 2.41 Å and 2.04 Å corresponding to the (111) plane of Cu2 O and the
(111) plane of fcc-Cu. 160 The Cu-silica-5.4 sample in Fig. 4.2c had some small crystalline
nanoparticles with lattice spacings measuring 2.07 Å, corresponding to the (111) plane of
fcc-Cu. It was difficult to confirm that the core of the core-shell particles was crystalline
copper due to the thick amorphous layer over top of it (bottom inset in Fig. 4.2c). The
SAED pattern of the Cu-silica-5.4 sample in Fig. 4.2d shows three faint rings with diameters
3.11 Å, 2.01 Å, and 1.14 Å, corresponding to the (111) plane of fcc-Si, the (111) and (311)
planes of fcc-Cu. 159 Our results are consistent with the Cu crystalline phases generated by
laser ablation of copper, in which the major phases of copper generated included Cu2 O and
fcc-Cu. 161–163
SEM-EDX analysis was performed on the three Cu-silica samples, with a representative
EDX spectrum of the Cu-silica-10.4 sample displayed in Fig. 4.3. The peaks located at 0.53
keV, 0.95 keV, and 1.74 keV correspond to the O Kα, Cu Lα, and Si Kα lines. The inset
graph shows the wt.% Cu, Si, and O quantified in the samples, and Table 4.1 displays the
numerical values of wt.% Cu, Si, and O from EDX, XPS, and ICP-OES analysis. The Cusilica-10.4 sample contains the highest amount of Cu, about ten to twenty times the amount
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Figure 4.2: HRTEM images of Cu-silica-10.4 (a) and Cu-silica-5.4 (c) with
SAED patterns (b) and (d), respectively.

as the Cu-silica-5.4 and Cu-silica-3.0 samples. The significantly higher Cu loading in the
Cu-silica-10.4 sample is corroborated by the ICP-OES and XPS results, also displayed in
Table 4.1. XPS data was converted from atomic %, with calculations provided in Table C1 in
Appendix C. XPS analysis shows significant surface oxidation of the three samples, which is
compensated for by the decrease in Cu content in the Cu-silica-10.4 sample, and decrease in
Si content in the other two samples. The copper content did not decrease between EDX and
XPS analysis for the Cu-silica-5.4 sample, suggesting that the copper present within the top
10 nm of this sample is protected from surface oxidation.

Sample
Cu-silica-3.0
Cu-silica-5.4
Cu-silica-10.4

ICP-OESa
Cu
1.4±0.4
1.5±0.1
31.5±0.4

SEM-EDXa
Cu
Si
O
4.3±0.9 67.5±1.5 28.1±0.7
2.6±0.4 86.5±2.1 11.0±1.7
36.5±2.1 37.3±4.6 26.2±2.6

Cu
0.3±0.3
2.6±2.0
19.2±6.1

XPS b c
Si
40.1±0.1
45.9±0.9
22.6±2.7

Table 4.1: weight % Cu from ICP-OES, weight % Cu, Si, and O from SEMEDX, and XPS analysis. a analysis representative of entire sample material.
b
analysis representative of top 10 nm surface layer. c Values converted from
atomic %, which is provided in Table C1 in Appendix C.

4.3

Cu-silica Nanostructure Composition

High resolution Cu2p3/2 and Si2p atomic orbital XP spectra are displayed in Fig. 4.4a and b
with the Cu-silica-10.4 spectra on the bottom panels and the Cu-silica-5.4 and -3.0 samples

O
59.6±31
51.5±6.8
58.1±5.5
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Figure 4.3: SEM-EDX spectrum of representative Cu-silica-10.4 sample
with inset of wt.% of SiK, OK, and CuL for different pH solutions.

on the top panels (a Si2p spectrum of silica generated from ablating a silicon wafer in water is
displayed in Appendix C). No Cu was detected in the Cu2p3/2 spectrum for the Cu-silica-3.0
sample. In the Cu2p3/2 spectra, a peak at 932.7 eV (purple) was fit in both samples, which
corresponds to either Cu0 (932.6 eV) or Cu+ as in Cu2 O (932.2 eV). 129,136,164–166 The second
peak near 934 eV in the Cu-silica-5.4 sample (blue) corresponds to Cu2+ and matches that
of a CuO species. 160,167,168 In the Cu-silica-10.4 sample, this feature it is shifted to 935.3
eV (black), corresponding to Cu2+ interacting with silica. 27,160 In particular, this feature
matches the binding energy of copper phyllosilicate (Cu2 Si2 O5 (OH)2 , Cu-PS) near 935−936
eV. 27,168,169 The peaks around 942−945 eV correspond to shake up satellite features from
the 2p→3d transition from the 3d9 ground state electron configuration of Cu2+ . 164,165,170
This feature is strongly present in the Cu-silica-10.4 sample, and only weakly visible in the
Cu-silica-5.4 sample due to its Cu low loading.
The Si2p atomic orbitals in Fig. 4.4b have several silicon species, with a large peak
centered around 103 eV corresponding to oxidized silica, and a small peak near 99 eV (green)
corresponding to Si0 . 171,172 Within the large oxidized silicon peak around 103 eV, two species
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are fit for all three samples- the peak at 103.5 eV (gray) corresponds to Si4+ of Si−O−Si
tetrahedrally coordinated silicon in amorphous silica, 172–174 and the feature at 102.2 eV (dark
blue) corresponds to Si3+ in the form of Si2 O3 . 173,174 A third species was fit in the Cu-silica10.4 sample at 100.7 eV (dark green), close to the 101 eV binding energy of Si+ . 173–175 Such
down-shifting of the Si binding energy has been attributed to interaction of silica with Cu
atoms. 156,176 The up-shifted Cu2+ peak and the down-shifted Si2+ peak suggest an interaction
where Cu is slightly positive and the Si is slightly negative.

Figure 4.4: High resolution XP spectra of Cu2p3/2 (a) and Si2p (b) atomic
orbitals. Cu-silica samples generated under same experimental conditions,
with different pH solutions.

Figure 4.5 displays the FTIR spectra of the three samples along with a control silica10.4 sample, generated by ablating a silicon wafer immersed in water adjusted to pH 10.4
with KOH. The peaks at 800 and 1090 cm−1 in the control sample (gray) correspond to the
symmetric and asymmetric stretching of amorphous silica. These two bands are prominent in
the Cu-silica-3.0 and -5.4 samples (red and blue), but the 800 cm−1 band is nearly absent in
the Cu-silica-10.4 spectrum (magenta). Moreover, the 1090 cm−1 band is significantly downshifted to 968 cm−1 . This corresponds to a shift in bonding environment from Si−O−Si to
Si−O−Cu, due to the longer Cu-O bond length than Si-O. 176 This band is also close to the
1024 cm−1 feature in Cu-PS. 9,153,177,178 The Cu-silica-10.4 sample also has a weak feature
that could be attributed to Cu(OH)2 at 690 cm−1 , Cu-PS at 670 cm−1 , or both. 9,153,177–179 The
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broadness of this band and the weak intensity make it difficult to distinguish between these
copper structures. The peak around 1400 cm−1 that is present in the Cu-silica-3.0 sample
likely arises from the symmetric stretching vibration of nitrate groups in Cu2 NO3 (OH). 180
All samples have peaks around 1652 cm−1 , which corresponds to the O−H bending mode of
adsorbed water. 27,180

Figure 4.5: FTIR spectra of silica-pH 10.4 (generated from ablating Si wafer
in water at pH 10.4), the Cu-silica-3.0, Cu-silica-5.4, and Cu-silica-10.4 samples.

XRD patterns of the Cu-silica-10.4 (magenta) and Cu-silica-5.4 (blue) samples are displayed in Fig. 4.6 and compared to a control sample in which a silicon wafer was ablated
in water (black). All samples contain sharp, intense peaks located at 2θ = 28.4◦ , 47.3◦ ,
56.1◦ , 69.2◦ , 76.4◦ , and 88.1◦ corresponding to the (111), (222), (331), (440), (533), and
(640) planes of cubic silicon (ICDD: 04-012-7888). There is a small, broad peak around
36◦ present only in the Cu-silica-10.4 sample that corresponds to either the (111) CuO plane
(35.6◦ ), the (111) plane of Cu2 O (36.5◦ ), or a Cu-PS structure. 9,153,177,178 The inset shows
the Gaussian peak fit yielding a FWHM of 4.90◦ corresponding to a 1.78 nm diameter of
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the crystalline nanoparticle, according to the Scherrer equation. 181 The FWHM of the fcc-Si
(111) peak at 28.4◦ was determined to be 0.25◦ , yielding a silicon crystalline diameter of
33.6 nm. The XRD pattern shows that there are crystalline silicon particles present in these
samples, consistent with the large spherical particles visible in the TEM images in Fig. 4.1a.
The absence of silica in the XRD patterns supports the amorphous nature of the silica as
evident in the HRTEM images, Si2p XPS spectra, and FTIR spectra.

Figure 4.6: XRD patterns of Cu-silica-10.4, Cu-silica-5.4, and silica generated from laser ablation of silicon wafer in water.

4.3.1

Catalytic Activity Toward Para-Nitrophenol Reduction

The catalytic reduction of para-nitrophenol (PNP) by sodium borohydride was employed as
a model reaction to compare the catalytic activity of the silica-Cu samples. Because all samples were irradiated under the same laser conditions and underwent the same post-synthesis
processing procedure, we assume the amount of silica present in all samples is equivalent,
and the rate constants reported reflect the catalytically active copper particles in the samples.
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Therefore, the same volume of re-dispersed pellet was added to all PNP reactions. Experimental details and calculations for determining the catalytic rate constants are provided in
Appendix A.
Briefly, the catalytic reduction of PNP to para-aminophenol (PAP) by sodium borohydride follows pseudo-first order reaction kinetics due to the excess of NaBH4 added to the
reaction
Cu−silica

PNP + NaBH4 (xs) −−−−−→ PAP.

(4.1)

The para-phenolate ion absorbs strongly at 400 nm, allowing for the reaction rate to be determined by monitoring its absorbance upon the addition of the catalyst. The apparent rate
constants, kapp (s−1 ) versus wt.% Cu from XPS analysis are displayed in Fig. 4.7, with
the different pH conditions labeled. There is a linear relationship between the rate constant
and the surface Cu content, reflecting the high catalytic activity of the Cu-silica-10.4 sample which contains the highest amount of surface Cu. While nearly no Cu was detected in
the Cu-silica-3.0 sample, it still possess catalytic activity, suggesting that the there was Cu
present in the sample, but in very small quantities.

Figure 4.7: Apparent rate constant (kapp ) versus at.% Cu from XPS analysis.
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Influence of Solution pH on Nanostructure Morphology

Wet chemical approaches to fabricating oxide supported metal nanoparticles emphasize the
importance of choosing the support, metal precursor, and solution pH for maximizing the
metal loading. 182 Determining the point of zero charge (PZC) of the support material aids in
identifying the pH conditions for optimal interaction between the metal complex and the oxide support. 35,182 The PZC of a material is the pH at which the hydroxyl groups that populate
the surface of an oxide have a neutral charge. When the pH is below the PZC of the support,
the hydroxyl groups are protonated, and when the pH is above the PZC, the hydroxyl groups
are deprotonated. 26,30,182 Silica has a PZC of pH 4, so when the solution pH is above this
value, cationic metal complexes in solution can adsorb onto the negatively charged surface
of the silica. 30
The copper loadings reported in Table 4.1 demonstrate the need for basic pH to achieve
high copper loading under our synthesis conditions; even in the weakly acidic solution at pH
5.4, little copper was found in the product. In contrast, the Cu-silica-10.4 sample had a high
copper loading of 31.5 wt%; much higher than many previous reports using wet chemical
techniques that typically achieve around 10 wt.%. 30,35,183–186 Previous investigations of pHdependent metal loading on silica that achieved copper loadings above 30 wt.% have formed
Cu-PS structures, 157,177,187,188 consistent with our results. However, the wet-chemical synthesis methods used are considerably more time- and material-consuming than our RLAL
method. For instance, the method of Toupance et al., in which a copper nitrate solution adjusted to pH 9 using ammonia mixed with nonporous silica was stirred at room temperature
for one week, required 100 times the amount of copper relative to our conditions to yield
36.6 wt.% Cu with 4.5 nm Cu NPs. 177
In contrast to pre-synthesized fumed silica or nonporous silica spheres used in wet chemical methods, our silica is produced in situ from laser ablation. As the silicon atoms and
clusters are ejected into solution, they may interact with other nearby species including hydrated electrons and hydroxyl radicals, resulting in oxidation to silica. Under basic conditions, nearby OH – ions may interact with the oxidized silica clusters, deprotonating their
surfaces. 189 The negatively charged silica clusters attract nearby copper in the form of the
bridged copper hydroxide dimer, [Cu2 (OH)2 ]2+ , which is formed in the pH range 6.5−10.5. 30,190
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The abundance of deprotonated silica clusters generated from laser ablation provide numerous sites for these copper complexes to interact with, driving the high copper loading under
basic conditions.
Figure 4.8 displays a graphical representation of the formation mechanisms of the coppersilica materials under the different pH conditions. We note that the solution pH decreased
from 10.4 to 8.5 and 5.4 to 4.2 during synthesis of the Cu-silica-10.4 and -5.4 samples,
respectively. The two samples generated at final solution pH less than pH 4 are shown above
the ‘silica PZC 4.0’ line 26,30 in Fig. 4.8. Under these conditions, silica clusters ablated off of
the Si wafer into solution become protonated and repel the surrounding Cu2+ ions, leading
to low amounts of Cu incorporated into the product. While it is possible that a small amount
of Cu in the product dissolves in the acidic solution following laser synthesis (see details in
Appendix C), this process is unlikely to be the primary cause of low Cu incorporation because
little Cu is incorporated even at an initial pH of 5.4. For the Cu-silica-5.4 sample in which
Cu is incorporated into the particles, segregation of the Cu-silica phases result in large Cucore/silica-shell particles with varying sizes and shell thicknesses. The formation of the silica
shell rather than silica core may be due to the higher surface energy of silicon than copper
in the liquid form. Synthesis of Cu-core/silica-shell particles by evaporating elemental Cu
and Si using a high powered electron beam resulted in phase segregation with the silicon
shell forming around liquid Cu, due to the higher surface energy of liquid silicon relative to
liquid Cu. 191,192 In contrast, the proposed formation mechanism of the Cu-silica-10.4 sample
is displayed below the line labeled ‘silica PZC 4.0’, where Cu-O-Si bonds form due to the
strong interaction between the deprotonated silica clusters and the cationic copper hydroxide
dimers. The morphology contains sheet- and needle-like structures comprised of amorphous
silica, copper phyllosilicate, or both, decorated with sub-2 nm Cu clusters. The small size
of the Cu particles likely results from the strong interaction between the Cu nuclei and the
silica clusters, halting further Cu NP growth. The presence of sub-2 nm clusters dispersed
throughout the silica is similar to our recent report of fs-RLAL synthesis of sub-3 nm Au NPs
dispersed throughout a silica matrix under basic conditions 110 Our observation of distinct
copper-silica material structures using fs-RLAL at different solution pH is consistent with
previous RLAL studies showing a dependence of Pt-Co NP properties on solution pH 22,105
and suggests that solution pH provides a generally applicable method to control nanomaterial
properties with RLAL.
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Figure 4.8: Graphical representation of the pH dependent formation of Cusilica samples

4.5

Conclusions

Copper-silica nanocomposites were synthesized using a fs-RLAL approach, with distinct
copper-silica morphologies forming from different precursor solution pH conditions. The
highest copper loading on silica of 31.5 wt.% achieved with a precursor solution pH of 10.4
generated 1.52±0.75 nm Cu NPs well dispersed throughout a silica matrix. TEM, XPS,
XRD, and FTIR analysis are consistent with the coexistence of copper phyllosilicate and
amorphous silica in the matrix. Lower solution pH of 5.4 and 3.0 resulted in Cu-core/silicashell morphologies with Cu NP sizes ranging from 30−80 nm in diameter, and only 1.4–1.5
wt.% loading of Cu. The catalytic activity of the synthesized materials was proportional to
the copper loading, with very low catalytic activity toward the reduction of para-nitrophenol
from the samples synthesized at pH 3.0 and 5.4, and much higher catalytic activity from
the sample synthesized at pH 10.4. The pH dependent compositions and morphologies of
our copper-silica nanocomposites are attributed to the interaction of positively charged Cu
precursor species and ablated silica species. At low pH, protonation of silica clusters results
in copper and silica phase segregation, forming core-shell structures. At high pH, the copper
hydroxide dimer ion strongly interacts with deprotonated silica clusters, resulting in sub-2 nm
Cu clusters supported on a copper phyllosilicate/amorphous silica matrix. The results in this
study demonstrate the importance of understanding the effect of solution pH on the electronic
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charge of ablated target material to allow for better control over the product morphology. This
approach to synthesizing Cu-silica composite nanomaterials provides valuable insight into
designing RLAL reaction conditions for synthesizing additional metal-oxide nanocomposites
with high metal loadings that may be used for catalytic applications.
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Chapter 5

Nickel-Phyllosilicate Formation from
Reactive Laser Ablation in Liquid
5.1

Background and Motivation

Metal phyllosilicates are a class of minerals comprised of layered silicate species in octahedral and tetrahedral coordinations, with metal cations stabilized throughout the silicate
layers. Figure 5.1 displays the 2:1 and 1:1 Ni-phyllosilicate (Ni-PS) phases. 24,193–195 The
type of metal cations commonly found in the phyllosilicates are first-row transition metals
including Ni, Cu and Co. These metal-PSs range from plate-like structures to nano-scrolls,
and are affected by the local bonding environment between the silicates and metal cations,
dictated by the atomic radius of the metal cations relative to the silicates.

Figure 5.1: Nickel-phyllosilicate (Ni-PS) as 2:1 and 1:1 phases.

This class of materials has recently gained attention due to the ability to induce reduction of the well-dispersed metal cations to form ultrasmall metal NPs or nanoclusters that are
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highly stabilized by the silicate structure due to the silicate-O-metal bonding environment. 24
Thus, these silicate-stabilized metal nanoparticles have promising properties for catalytic
applications that require high degrees of thermal stability, such as CO2 hydrogenation. Additionally, the different metal cations are known to have high catalytic activity toward different
reactions including Fischer-Tropsh (Co-PS), 31 methane (Ni-PS) and methanol (Cu-PS) formation from CO2 hydrogenation. 24,31,114
While significant research has expanded the understanding of the structures and properties of metal-PS, the synthesis approaches typically revolve around a two-step method
of preparing the metal-PS followed by an annealing step to reduce the metal cations to
metal clusters, and only recently was the synthesis of Cu-PS from the RLAL approach reported. 24,195–197 The field of laser-assisted synthesis of nanostructured materials has grown
significantly in the past decade, leading to the development of highly functionalized nanomaterials including Ni-Fe layered double hydroxides 15 , PtCo/CoOx nanoalloys 104 , and structurally disordered CoFe2 O4 /CoO materials 198 , with promising properties for catalytic applications. However, as identified in the previous chapter, the solution conditions, especially
pH, can strongly affect the powdered product composition. There is less literature focusing
on the dissolved solution-based species that drive the pH-dependent product composition.
In this chapter, the pH-dependent silicate species formed upon fs-laser ablation of a silicon
wafer immersed in water and Ni(NO3 )2 solutions over a range of pH conditions will be explored. The aim of this chapter is to better understand the solution-based species that affect
the product composition and morphology of Ni-based structures under different pH conditions.

5.2
5.2.1

Results and Discussion
Characterization of Dissolved Species in Solution

The prepared samples from Table 2.2 were centrifuged for 90 min at 13,000 rpm to ensure that
all clusters and nanoparticles were separated out into the pellet, and the species present in the
supernatant were only the dissolved species. ICP-OES and SEM-EDX were used to quantify
the Ni content in the supernatant (as ppm) and the washed pellet (as wt.%), respectively,
and the results are displayed in Figure 5.2, with numerical values provided in Table 5.1.
The silica-Ni-pH 5.9 sample had the highest concentration of Ni in the supernatant at 117.5
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ppm, and the concentration of Ni in the supernatant decreased as the precursor solution pH
increased up to pH 10.6. Alternatively, the wt.% Ni quantified in the dried pellets shows an
inverse relationship to the Ni content quantified in the supernatant. The lowest wt.% Ni of
0.47±0.08 was in the silica-Ni-pH 5.9 pellet, and increased with solution pH up to 29.3±3.6
wt.% in the silica-Ni-pH 11.8 sample.
Sample
silica-Ni-pH 5.9
silica-Ni-pH 8.3
silica-Ni-10.6
silica-Ni-11.8

Ni in Supernatant (ppm)a
117.5±3.8
87.4±2.6
0.53±0.01
0.33±0.01

Ni in pellet (wt.%) b
0.47±0.08
6.5±1.8
23.1±3.5
29.3±3.6

Initial pH
5.94±0.01
8.33±0.06
10.55±0.06
11.79±NA

Final pH
5.63±0.5
7.05±0.28
8.56±0.27
9.85±NA

Table 5.1: Nickel concentration (ppm) in supernatant. a Determined from
ICP-OES. b Determined via SEM-EDX of dried pellet.

Figure 5.2: Nickel content in supernatant (left y-axis) and in dried pellet
(right y-axis) (a); pH change of solutions before and after irradiation (b).

The precursor solution pH decreased after laser irradiation was complete, and the magnitude of this decrease was affected by the initial solution pH. Figure 5.2b displays the final
solution pH versus initial solution pH for all silica and silica-nickel samples, with numerical
values provided in Table 5.1. The pH change was dependent upon the initial solution pH, and
not on the added Ni(NO3 )2 , as the data points of the silica and silica-Ni samples are nearly
overlapping. For the solutions near an initial pH of 6, nearly no pH change was observed
from laser irradiation, as the data points are near the plotted line with a slope of one. As the
initial pH increased, the final pH decreased, with a maximum decrease of ∼2 pH units for
the two highest pH samples pH 10.6 and 11.8.
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Because the change in solution pH upon laser irradiation was dependent upon the initial solution pH, the solution-phase silicate species generated in the low- and high-pH samples were characterized. Figure 5.3a and b display ESI-mass spectra of the collected supernatants of four samples at the low and high pH conditions. In Figure 5.3a the mass spectra
of the silica-pH 5.9 and silica-Ni-pH 5.9 are compared, with peaks labeled at 76 m/z and
244 m/z. The major peak at 76 m/z in the silica-pH 5.9 sample corresponds to deprotonated
metasilicate, with the structure provided in Fig. 5.3. The metasilicate peak disappeared in
the silica-Ni-pH 5.9, and a separate peak located at 244 m/z formed, corresponding to a
[(H2 O)5 NiOSi(H2 O)2 O] – (Si-O-Ni) monomer species, with the structure provided in Fig.
5.3. The presence of metasilicate upon ablation in water, along with its disappearance and
subsequent formation of the Si-O-Ni monomer species upon the addition of Ni(NO3 )2 , suggests that the metasilicate species plays a role in forming the Si-O-Ni monomer. Previous
reports on the formation of Ni-PS have identified the formation of this Si-O-Ni monomer
species as being the most favorable compound formed at lower pH ranges. 195,199 When the
Si wafer was ablated in high pH solutions, the metasilicate peak is present in both solutions
without (silica-pH 11.7) and with Ni(NO3 )2 (silica-Ni-pH 10.6) (Figure 5.3b; spectra are normalized to the intensity of the metasilicate peak at 76 m/z). An additional peak is present at
95 m/z, which is assigned to deprotonated silicic acid. In the silica-Ni-pH 10.6 spectrum, a
relative decrease in the 95 m/z species is observed upon addition of the Ni(NO3 )2 to the precursor solution. Moreover, no peak at 244 m/z is present in the silica-Ni-pH 10.6 spectrum.
Other peaks are assigned to a hydrated Ni(OH)2 species (127 m/z) and a silicate-dimer (155
m/z). Since no major Ni-containing peaks were identified in this spectrum, it is likely that
the majority of the nickel is found in the separated dried powder.

5.2.2

Characterization of Solid Products

XRD patterns of the obtained solid powders in Figure 5.4 contain a broad peak near 25◦ , corresponding to amorphous silica. 200 The weakly intense peaks located at 2θ = 28.5◦ , 47◦ , 56◦ ,
69◦ , and 76◦ correspond to the (111), (220), (311), (400), and (331) planes of fcc-silicon, and
the cell parameter was calculated to be a = 0.544±0.002 nm, in agreement with the value of
fcc-silicon (JCPDS numbe 27-1402). 200 These peaks are present in both the silica- and silicaNi samples, with more intense peaks present in the silica samples prepared below pH 11.7.
The fcc-silicon peaks are weakly visible in all silica-Ni samples, and decrease in intensity in
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Figure 5.3: ESI-MS patterns for silica and silica nickel samples at different
pHs.

the silica-Ni-10.6 and silica-Ni-11.8 samples. The silica-Ni-pH 8.3, pH 10.6, and pH 11.8
samples also have broad peaks located at 2θ = 34◦ and 61◦ that increase in intensity with
increasing solution pH, with an additional peak near 73◦ in the silica-Ni-pH 11.8 sample.
These peaks are consistent with reports of ill-crystallized nickel-phyllosilicate. 193,194,201–204
The silica-Ni-pH 5.9 pattern matches that of the XRD patterns of the nickel-free silica samples, and does not have any peaks associated with the Ni-PS phase. As the solution pH increased to 8.3, the silica-Ni-pH 8.3 pattern has both the fcc-Si peaks along with very weakly
intense peaks for Ni-PS, corresponding the presence of both the fcc-Si and a small amount of
Ni-PS phase in this sample. The silica-Ni-pH 10.6 and pH 11.8 samples have more intense
peaks corresponding to the Ni-PS phase, and very weak peaks corresponding to fcc-Si. Thus,
in this pH range, the Ni-PS is the major phase present in the powder samples.
TEM images of the silica-Ni samples are displayed in Figure 5.5, and representative
TEM images of the silica samples are displayed in Figure 5.6. The silica-Ni-pH 5.9 sample
in Fig. 5.5a has mostly amorphous silica with large spherical particles ∼50 nm in diameter,
decorated with small ∼1.5 nm particles, which are more visible in the inset of Fig. 5.5a.
These small particles are most likely comprised of silicon or silica, since this morphology
is similar to that of the silica-pH 10.5 TEM image in Fig. 5.6, and due to very low nickel
loading in the pellet (Fig. 5.2a). In the silica-Ni-pH 10.6 and pH 11.8 samples (Figure 5.5c–
d), the morphology transformed from the mostly amorphous silica and spherical particles
in Figure 5.5a to that of Ni-PS phase. The crinkly-like morphology of the Ni-PS visible in
the insets of Figure 5.5c and d is consistent with the morphology of Ni-PS from previous

Chapter 5. Nickel-Phyllosilicate Formation from Reactive Laser Ablation in Liquid

Figure 5.4: XRD patterns of silica and silica-nickel samples prepared from
different precursor pH solutions.
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reports. 24,178,202,204,205 The silica-Ni-pH 8.3 sample has a combination of amorphous silica
and the Ni-PS structure, as seen in the inset of Figure 5.5b. The morphology of the samples
from TEM corroborate the XRD patterns in Fig 5.4, and confirm that increased solution pH
results in the formation of an ill-crystallized Ni-PS structure.

Figure 5.5: TEM images of silica-Ni samples at pH 5.9 (a), 8.3 (b), 10.6 (c),
and 11.8 (d).

FTIR spectra are displayed in Figure 5.7 with inset (a) focusing on the ν(OH) stretching
region and (b) focusing on the Si−O and δ(OH) bending region. The silica-pH 7.8 is displayed as a representative spectrum of the silica-only samples, as they were similar across the
pH range, and are provided in Appendix D. The FTIR spectra of silica-pH 7.8 and silica-NipH 5.9 were similar, with absorbance bands corresponding to the isolated OH groups of the
silica support (3745 cm−1 ), and the asymmetric (∼1075 cm−1 ) and symmetric (800 cm−1 )
stretching bands of Si−O of the SiO4 tetrahedra in silica. 193,196,205 This result suggests that
the key components in the silica-Ni-pH 5.9 correspond to the silica support, with no features
consistent with nickel-containing phases. The silica-Ni-pH 8.3 spectrum had peaks at 3745
cm−1 , 1075 cm−1 and 800 cm−1 that resembled the silica-7.8 and silica-Ni-pH 5.9 spectra.
An additional absorbance at 670 cm−1 was identified that was not observed in the two other
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Figure 5.6: TEM images of silica NPs generated at pH 10.5 (a) and in water
at pH 5.9 (b).

spectra, and corresponds to the δ(OH) bending mode of the 1:1 Ni-PS structure. 193,196,205
The silica-Ni-pH 10.6 sample lacks the 3745 cm−1 feature, exhibits a decrease in absorbance
at 800 cm−1 , and has a shift in the 1075 cm−1 peak to 1020 cm−1 . These spectral features
are consistent with the disappearance of the isolated OH groups of silica and the formation of
Si–O–Ni bonds of Ni-PS. The observed 1020 cm−1 frequency corresponds to the 2:1 Ni-PS
phase; the 1:1 Ni-PS phase would be expected at 1005 cm−1 . 196,206 The silica-Ni-pH 10.6
sample also exhibits a new broad feature around 650 cm−1 . This feature could arise from
the δ(OH) bending mode of a 1:1 Ni-PS phase at 670 cm−1 , an ill-crystallized α-Ni(OH)2
structure at 640 cm −1 , or both. 15,196,204 In the silica-Ni-pH 11.8 spectrum, this feature has
an even more asymmetric absorbance in the 640 cm−1 range than near 670 cm−1 , which suggests a greater contribution from Ni(OH)2 . The silica-Ni-pH 11.8 also contains a small but
sharp peak at 3645 cm−1 (inset (a)), corresponding to the ν(OH) stretching vibration in either
the 1:1 Ni-PS phase or in β -Ni(OH)2 . 15,196
To determine the origin of the sharp peak at 3645 cm−1 in the silica-Ni-pH 11.8 spectrum,
the precursor Ni(NO3 )2 solution was centrifuged and dried (13,000 rpm, 90 min) and the
FTIR spectrum of the collected powder is displayed in Fig. 5.7 (Ni(OH)2 (synth.)). This
spectrum has a sharp peak at 3640 cm−1 , confirming that this feature in the silica-Ni-pH
11.8 spectrum is due to unreacted, precipitated Ni(OH)2 from the precursor. Additionally,
the absorbance in inset (b) of Figure 5.7 of the Ni(OH)2 (synth.) spectrum is near 520 cm−1 ,
consistent with the δ(OH) bending mode of the β -Ni(OH)2 phase. 15,196 Thus, the absorbance
band of the silica-Ni-pH 8.3, pH 10.6, and pH 11.8 samples near 640 cm−1 likely arise
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from the Ni(OH)2 phase. The precursor solution pH increase from the silica-Ni-pH 8.3 to
the silica-Ni-pH 11.8 samples presents shifts in absorbance intensity and frequency that are
consistent with the formation of Ni-PS and Ni(OH)2 . The silica-Ni-pH 11.8 sample also
contains some unreacted, β -Ni(OH)2 , as evidenced by the spectrum of its dried precursor.

Figure 5.7: FTIR spectra of silica and silica-nickel samples prepared from
different precursor solution pH.

The Ni2p3/2 atomic orbital spectra obtained with XPS from silica-Ni-pH 8.3, 10.6, and
11.8 are displayed in Figure 5.8. No Ni was detected in the silica-Ni-pH 5.9 sample. In all
three samples the surface Ni atoms possess a Ni2+ charge state due to lack of features in the
range of Ni0 (852.7 eV). 207 The silica-Ni-pH 10.6 and 11.8 spectra are fit with two peaks
assigned to the 1:1 and 2:1 Ni-PS phases, and the silica-Ni-pH 8.3 spectrum was fit with
one peak at 855.3 eV assigned to the 1:1 Ni-PS phase. 15,205,207 Because the binding energy
of Ni(OH)2 at 855−856 eV overlaps that of the 1:1 Ni-PS phase (885.5 eV), it is difficult
to definitively assign the peaks in this binding energy range. The similar binding energy of
Ni(OH)2 to that of the Ni in 1:1 Ni-PS is due to the octahedrally coordinated Ni2+ to both
Ni-O-Si and Ni-OH bonds in the 1:1 structure as seen in Figure 5.1. While it is difficult to
definitively assign surface Ni species to Ni(OH)2 or Ni-PS with XPS, the the spectra of the
silica-Ni-pH 10.6 and 11.8 samples are consistent with Ni-PS phases observed with XRD,
TEM, and FTIR.
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Figure 5.8: High resolution XP spectra of Ni2p3/2 atomic orbital for silica-Ni
samples prepared at different pH solutions.

5.2.3

Discussion

Analysis of solution phase silicate species generated from laser ablation and characterization
of the nickel-containing products revealed that silicic acid is the key species generated under
alkaline conditions (above pH 10) that reacts with nickel cations in solution to form NiPS. When no KOH was added to the nickel nitrate precursor solution, no silicic acid was
generated, and a Si-O-Ni monomer was the major product that remained in solution. The
generation of the silicic acid at high solution pH conditions drove the decrease in solution
pH after laser irradiation, independent of the addition of nickel nitrate to the precursor. The
magnitude of solution pH decrease after irradiation corresponds to the relative amount of
silicic acid generated. Solutions of pH ∼6 had no drop in pH after irradiation, and no peak at
95 m/z in the ESI-MS. The samples with initial pH ∼10.6 and ∼11.8 decreased to ∼8.6 and
∼9.9, respectively, while the intermediate pH ∼8 dropped only one pH unit, suggesting that

a smaller amount of silicic acid was generated in this pH range. Analysis of the dried silicaNi powders confirmed that silicic acid is the major species driving the formation of Ni-PS.
The silica-Ni-pH 5.9 sample had nearly identical FTIR and XRD features as the silica-only
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samples, while the silica-Ni-pH 10.6 sample exhibited distinct features consistent with NiPS. The silica-Ni-pH 8.3 sample had a mixture of XRD, FTIR, and TEM features to that of
the silica-Ni-pH 5.9 and the silica-Ni-pH 10.6 samples, consistent with the availability of less
silicic acid for Ni-PS formation.
It should be noted that the formation of nickel hydroxide (Ni(OH)2 ) is common at high
solution pH, and precipitates above pH 9. 196 Because the silica-Ni-pH 11.8 sample dropped
to a pH of 9.9 after laser irradiation, any unreacted nickel in the solution was likely incorporated in the dried pellet as precipitated Ni(OH)2 . FTIR analysis of the dried silica-Ni-pH 11.8
precursor confirmed the presence of β -Ni(OH)2 in the irradiated silica-Ni-pH 11.8 sample.
Thus, the 29.3 wt.% Ni in the dried powder represents both the Ni-PS and some unreacted
β -Ni(OH)2 . In contrast, the 23.1 wt.% Ni in the silica-Ni-pH 10.6 sample represents the

Ni-PS phase, since the final solution pH of 8.6 is below the precipitation point of Ni(OH)2 ,
as evidenced by the 127 m/z peak corresponding to hydrated Ni(OH)2 in the supernatant via
ESI-MS.
The majority of synthesis approaches to Ni-PS include deposition-precipitation (D-P) and
hydrothermal treatments, where the silica source (silicic acid, sodium silicate, fumed silica)
is mixed with the nickel precursor (NiCl2 , Ni(NO3 )2 ), and the solution pH was controlled by
addition of urea. Investigations on the effect of the Si/Ni ratio, specific surface area (SSA)
of the silica precursor, and D-P reaction time have lead to the observations that the Si/Ni
ratio, the solution pH, and SSA of the silica source affected the relative yields of Ni(OH)2 as
compared to 1:1 or 2:1 Ni-PS structures. 24,195,196,199,206 Low SSA silica formed Ni(OH)2 over
silica in one report 196 and Ni(OH)2 with 1:1 Ni-PS in a separate report. 195 High SSA silica
and solution pH formed 2:1 Ni-PS, as long as the pH was below the Ni(OH)2 precipitation
threshold. 195,196,206
In this work, silicic acid was generated directly in situ through the laser ablation process,
wherein ejected silicon atoms form silicic acid upon interaction with solution. The silicic
acid monomer was only observed in ESI-MS in the high pH samples of the silica-pH 11.7
and silica-Ni-pH 10.6 samples. In the two samples prepared at pH ∼6, a metasilicate species
was identified in ESI-MS, which was attributed to the [(H2 O)5 NiOSi(H2 O)2 O] – monomer
formation. Previous reports on the formation mechanism of Ni-PS structures have suggested
that silicic acid or its deprotonated (OH)3 SiO – form is responsible for the formation of this
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[(H2 O)5 NiOSi(H2 O)2 O] – monomer, which was suggested as an intermediate species in NiPS formation. 24,195,196,199,206 Our data do not support the above hypothesis, but suggest that
the metasilicate species is responsible for forming the [(H2 O)5 NiOSi(H2 O)2 O] – monomer,
which is not a Ni-PS intermediate. The silicic acid formed at high pH instead drives the
Ni-PS formation. Figure 5.9 displays a summary of these proposed reaction processes and
the resulting solid products.

Figure 5.9: Proposed reaction mechanisms based on dissolved species generated from silicon wafer ablation in various solutions.

In the previous chapter, Cu-PS formation was attributed to the silica clusters becoming deprotonated and attracting nearby Cu2 (OH)22+ complexes due to strong electrostatic
attraction. 197 However, the findings from this investigation identify the silicic acid as the
primary driver of metal-phyllosilicate formation. The formation of both Cu-PS in the previous chapter and the Ni-PS in this one demonstrate a general method of metal-phyllosilicate
synthesis using a laser ablation in liquid technique. The key to successfully preparing metalphyllosilicates requires that the solution have a high enough pH to induce silica dissolution
generating silicic acid that may interact with the divalent metal cations. Because both copper
nitrate and nickel nitrate formed Cu-PS and Ni-PS under similar experimental conditions, the
specific metal salts used do not appear to play as large of a role in the metal-phyllosilicate
formation as the ablated silicate species do. These results suggest that the laser ablation in
liquid technique can become a versatile route to a variety of metal phyllosilicate materials
with very high metal loadings. These materials are expected to provide exceptional thermal
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stability and high activity for catalytic applications.

5.3

Conclusion

The synthesis of nickel-phyllosilicate with 23 wt.% Ni was achieved using the fs-RLAL
method by ablating a silicon wafer immersed in nickel nitrate solutions under alkaline conditions. Analysis of the supernatants of irradiated solutions revealed that silicic acid was the
key species driving the nickel-phyllosilicate formation when the solution pH was above 10.
The generation of silicic acid led to a decrease of solution pH by two pH units after laser
irradiation. In contrast, for irradiated solutions of nickel nitrate and water at ∼pH 6, the solution pH did not change after irradiation, no silicic acid was detected in the supernatants,
and nearly no nickel was detected in the dried powder. Instead, a metasilicate species as the
major product in when the silicon wafer was ablated in water, while a Si-O-Ni monomer was
the major species detected when nickel nitrate was added to the solution. The results from
this work and the previous chapter identify a general mechanism of metal-phyllosilicate synthesis using laser ablation liquid under alkaline conditions. The metal cation complex does
not appear to play a large role in metal-PS formation, but rather the solution pH drives the
metal-PS formation due to the silicic acid generated from the ablation process. This synthesis
method may be applied to other divalent metal cations to fabricate metal-phyllosilicates that
may be used for catalytic applications.
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Chapter 6

Conclusions and Future Work
6.1

Conclusions

This work focused on the synthesis, characterization, and understanding the formation mechanisms of novel metal-oxide nanostructures generated from a femtosecond reactive laser ablation in liquid technique. The first project focused on preparing a silica-Au nanomaterial
containing two populations of Au NPs which reflected two distinct reaction mechanisms.
The larger, 7.0 nm Au NPs formed from the electrons generated from water photolysis and
in the ablation plasma. These reactions occurred on shorter timescales following the laser
pulse, leading to more time for the nearby [AuCl4 ] – complexes to reduce, nucleate, and
grow into the larger Au NPs. Alternatively, the second population of 1.5 nm Au NPs dispersed throughout the silica matrix were formed from the surface reactions which occurred
on longer (several hundred ps) reaction timescales following the laser pulse. These surface
reactions involved the Si atoms and clusters ejecting out of the crystal lattice of the Si wafer
due to Coulombic repulsion, and interacted with the nearby [AuCl4 ] – complexes in solution.
As the Si clusters coalesced they oxidized to form silica, and acted as nucleation sites for
the Au clusters to form. The small Au NPs dispersed throughout the silica matrix was due
to either the depleted Au concentration after a significant portion of the Au ions formed the
isolated Au NPs, or due to the coalescing silica matrix forming around the Au clusters.
Next, the same experimental technique was carried out to generate silica-Cu nanostructures by ablating a silicon wafer immersed in solutions containing Cu(NO3 )2 . Modifying
the precursor pH (pH 3−10) led to the realization that when the solutions’ pH values were
below the point of zero charge (PZC) of silica (pH ∼4), the ablated silica clusters possessed
a positive surface charged due to the protonated surface hydroxyl groups. The protonated
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silica clusters and the Cu2+ cations in solution electrostatically repelled each other, forming
Cu-core/silica-shell nanoparticles due to the phase segregation. Alternatively, when the precursor pH was significantly higher than the PZC value (at pH 10.6), the ablated silica clusters became deprotonated in solution where strong electrostatic attraction with the nearby
[Cu(OH)2 ]2+ clusters formed a copper-phyllosilicate (Cu-PS) structure with 2.70 nm Cu2 O
clusters dispersed throughout the Cu-PS. The findings from this project highlight the importance of understanding the inherent properties of the target material and the chemical
transformations it undergoes when it is ablated in different pH solutions. Therefore, this
project demonstrated the ability to fabricate very different morphology products using the
same experimental setup, by simply modifying the precursor pH.
The last project investigated the dissolved silica ablation products generated in water and
nickel nitrate solutions over a range of pH conditions. When the supernatants of irradiated
solutions were analyzed via ESI-MS, silicic acid was the major product formed when the
precursor pH was above pH 10. This silicic acid species contributed to a two-pH unit decrease
after laser irradiation, in both water and nickel nitrate solutions. Additionally, the silicic acid
was determined to be the key compound driving the formation of nickel-phyllosilicate in
alkaline conditions. In contrast, when silicon was ablated in water and nickel nitrate solutions
near pH 6, no silicic acid was detected and no significant change in pH was observed. A
deprotonated metasilicate species was detected in the water supernatant, disappeared when
nickel nitrate was added to the precursor solution, and a Si-O-Ni monomer was the major
species detected. Characterization of the dried powders confirmed the formation of Ni-PS
when the precursor was above pH 10, with 23 wt.% Ni in the silica-Ni-pH 10.6 sample. The
results from this work identify a general mechanism of metal-phyllosilicate synthesis using
laser ablation in liquid under alkaline conditions. This synthesis method may be applied to
other metal cations to fabricate metal-phyllosilicates for a range of catalytic applications.
The findings from this work provide a general synthesis method for preparing silicametal composite nanomaterials comprised of high metal loading using a laser-assisted synthesis technique. Identifying the key silicate species involved in the synthesis of nickelphyllosilicate demonstrates the ability to control the reactive species generated in an ablation
plasma by modifying the precursor pH. These findings will contribute to reliable design of
composite nanostructures with high metal loading for a variety of catalytic applications.
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Future Work

The laser energy used in these experiments was far above the ablation threshold of silicon,
resulting in large spherical polycrystalline silica particles when ablated in water, which is
consistent with other reports of PLAL of silicon in water. 209 In contrast, ablating a silicon
wafer near its ablation threshold has been found to form small, uniformly spherical Si NPs. 210
I am interested in first ablating a Si wafer near its ablation threshold (0.16 W cm−2 under our
experimental conditions) to see if the small spherical Si NPs result, then carrying out similar
experiments with the silica-Cu and silica-Ni (chapters 4 and 5) to see if the low laser intensity
affects the product morphology. It is likely that the phyllosilicate material will be the major
product if silicic acid is generated under alkaline solutions, but at lower pH conditions will
the core-shell morphology still form?
Preliminary studies of combining copper and nickel nitrate salts into alkaline precursor
solutions have been tested for their catalytic activity toward PNP. There was a distinct effect
of the Ni:Cu ratio in the precursor to the PNP rate constant. First, the 1:0 Ni:Cu product had
nearly no catalytic activity toward PNP, with a near-zero rate constant, and the 0:1, 1:2, 1:1,
and 2:1 Ni:Cu ratios were compared. Interestingly, the 2:1 Ni:Cu had the highest catalytic
rate constant of all samples tested. Characterization of the products have yet to be done,
and will provide insight into the nature of this ratio-dependent catalytic activity. A possible
hypothesis as to the nature of the highest catalytic rate constant of the 2:1 Ni:Cu product is
due to the different redox potentials of nickel and copper. Copper has a higher redox potential
(Cu2+ /Cu1+ , +0.16 V) 211 than nickel (Ni2+ /Ni0 , -0.26 V), leading to copper ions reducing
more easily than the nickel ions. As a result, during laser ablation the Ni2+ may remain
unreduced, acting as anchoring sites for Cu2 O nanoclusters from the partially reduced Cu1+
sites. Characterization with TEM, XPS, XRD, ICP-OES, FTIR and SEM-EDX will provide
data to better understand how the Ni and Cu are bonded together and with the ablated silica.
Metal-phyllosilicates have been reported to possess varying morphology including platelike structures, nanotubes, and nanoscrolls. 24,203,212,213 The asymmetry of the inner and outer
octahedral and tetrahedral sheets can be modified by selecting different cations, resulting in
varying degrees of curvature. These nanotubes and nanoscroll structures have promising
applications in catalysis, 24,214 gas adsorption and storage, 214 drug delivery, 215 and as anode
support material for lithium ion batteries. 216 For example, incorporating aluminum into the
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phyllosilicate structure can form a nanotube possessing Al(OH)Al outer groups and SiOH
inner groups, promoting both shape specific reactivity and charge separation between the
inner (SiO− ) and outer (Al(OH)2+ ) groups. 214 Thus, highly selective catalytic materials may
be prepared by incorporating aluminum ions or preparing different stoichiometries of nickel
in phyllosilicate materials to promote the nanotube morphology.
This work focused on the complex chemistry involved in fs-RLAL of silicon immersed
in various metal salt solutions, leading to the synthesis of a variety metal-silica nanocomposites for catalytic applications. The simple and versatile fs-RLAL experimental setup allows
for efficient exploration of various support materials including zinc, titanium, and aluminum.
The large bandgaps of zinc oxide and titanium dioxide make these supports promising candidates for photocatalytic applications; in a recent study, zinc oxide-copper(I) oxide nanoparticles were reported to have high selectivity toward methanol formation from CO2 . 217 In
another study, TiO2 −CuO x and TiO2 −FeO x composites generated from a laser ablation technique had photocatalytic activity toward 2,4-dichlorophenoxyacetic acid degradation under
solar irradiation. 218 Ideal nanocatalysts have high surface area, high metal loading, and have
a support material with high electrical conductivity. One of the parameters identified in this
work that contributes to high metal loading is the point of zero charge (PZC) of the support
material; by changing the solution pH to allow for high electrostatic attraction between the
ablated support species and the metal ions in solution has been shown to form high metal
loading in the final product. While silica has a PZC at pH 4, carrying out fs-RLAL at high
solution pH resulted in high metal loading; however, ZnO has a PZC around pH 9. 219 To drive
deprotonation of the ablated ZnO clusters for electrostatic attraction with the metal ions in solution, increasing the solution pH to well above pH 11 is anticipated. Alternatively, fs-RLAL
in solutions containing metal anions below pH 9 may also drive electrostatic attraction between the protonated ablated ZnO clusters and the metal anions. Additionally, carrying out
ESI-MS on the supernatants of the ablated support material over a range of pH conditions
and tracking the pH change after laser irradiation helped determine pH-dependent species
formed from the support material that aided in the formation of distinctly different products.
These examples demonstrate the ability to prepare a range of support-metal nanocomposite
materials tailored to the specific catalytic reaction of interest, and considering the solutionbased parameters outlined in this work to guide the selection of solution composition around
the support material properties.
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Appendix A
Link back to chapter 2.

A1

UV-vis Spectra to Determine Irradiation Time

To monitor the reduction of [AuCl4 ] – to form silica-Au NPs, the sample cuvette containing
the silicon wafer immersed in the KAuCl4 solution was placed in a UV-vis spectrometer described in detail elsewhere. 47 Spectra were collected in between irradiation periods of 2−8
min, and inspected to determine full conversion of [AuCl4 ] – to silica-Au NPs. Figure A1a
shows overlaid UV-vis spectra of a representative sample irradiated with 50 µJ laser pulses
in 2 minute increments for 8 minutes. Significant growth of a peak around 520 nm occurs
between 2 min and 4 min; this corresponds to the surface plasmon resonance (SPR) of spherical AuNPs 5−20 nm in diameter forming. 220 The grey spectrum in Fig A1a corresponds to
a colloidal solution of SiO2 particles formed from ablating a silicon wafer immersed in water
for 8 min, under the same experimental parameters. The control Au NPs required 600 s of
irradiation for full conversion of the KAuCl4 to Au NPs. In situ UV-vis absorbance measurements at 450 nm were used to track the conversion, since that wavelength corresponds to the
growth of Au NPs, without absorbance contributions from either the precursor or the surface
plasmon resonance (SPR) from the Au NPs. 46,47,74 Figure A1b shows the final spectrum of
the control Au NPs, with an inset of the growth at 450 nm over time.

A2

Para-Nitrophenol Reduction

The catalytic activity of the silica-Au NPs and control Au NPs were tested with the model
PNP reduction by NaBH4 reaction. 120,221,222 The in situ UV-vis setup used for this reaction is
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Figure A1: UV-vis spectra of silica-Au NPs after incremental laser irradiation and spectrum of silica (SiO2 ) NPs generated from ablating a Si wafer in
water for 8 min. (a) Final spectrum of control Au NPs; inset shows in situ
UV-vis absorbance recorded at 450 nm to show growth of Au NPs (b).

described in further detail in the main article (Section 2.4). The reduction of PNP by NaBH4
takes place on the surface of the metal nanoparticles, and can be described by LangmuirHinshelwood kinetics. 111,221 Equation A.1 displays the kinetic rate equation,
dc P N P
= kapp cPNP
dt

(A.1)

where kapp is the rate constant (s−1 ), and cPNP is the concentration of PNP (mM). 120 Since
the NaBH4 is in excess, the reaction assumes pseudo first-order kinetics, so the concentration
of PNP and the surface area of the catalyst are the kinetic driving forces. Integrating Eq. A.1
gives
ln

ct
= −kt
c0

which allows for the kapp rate constant to be determined by plotting ln

(A.2)
A400
Ai

over time (Ai

is the initial absorbance of the p-nitrophenolate ion at 400 nm before the catalyst is added)
and extracting the slope. Figure A2b displays the UV-vis absorbance of the p-nitrophenolate
ion over time (at 400 nm), where the black portion of the line represents the linear region
in which the kapp rate constant is extracted. The kapp rate constant was converted to units
of s−1 µmol Au−1 by dividing by the amount of gold added to the reaction, yielding the rate
constant referred to as kAu in the main text. Plotting kapp as a function of µmol Au added to
the reaction demonstrates a linear relationship, displayed in Fig. A2c. The SSA-normalized
rate constant k1 (L m−2 s−1 ) was determined by dividing the kapp value by the SSA.
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Figure A2: Absorbance spectrum of PNP reduction by NaBH4 . Decrease of p-nitrophenolate ions (black arrow) at 400 nm, and increase of
p-aminophenol product (blue arrow) shown (a). Typical time dependence of
the absorbance of p-nitrophenolate ions at 400 nm; black portion of line is
where kapp (s−1 ) is extracted for silica-Au NP and Au NP samples (b). kapp
plotted against µmol Au in solution yields kAu rate constant (s−1 µmol Au−1 )
(c).
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Figure B1: TEM images of silica-Au NPs at different magnifications.
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Figure B2: SEM image with wt.% of Au and Si from EDX analysis of supernatant of silica Au NPs (a) and control SiO2 NPs prepared by ablating a
silicon wafer immersed in water (b). Scale bar represents 200 nm.

B1

Characterization of Silica NPs

Silica nanoparticles were synthesized as an ablation control, where a silicon wafer was ablated in water under the same laser parameters as with the silica Au NPs. The UV-vis spectrum of the colloidal silica solution is displayed in Fig A1a (grey spectrum), and the corresponding TEM, HRTEM with lattice spacings and FFT are displayed in Figures B3a and b.
The lattice spacings of 3.05 , 1.91 , and 1.6 correspond to the (111), (220), and (311) crystal
planes of silica. Although the silica particle in Figure B3b displays polycrystalline structure,
other amorphous silica particles are observable in the TEM image in Fig B3a, suggesting
different ablation mechanisms and formation dynamics occurring.

B2

Nanoparticle Surface Area Calculations

Representative values reported in Table 3.2 of the main text are from the weighted mean
silica-Au NP diameter, calculated from the wt.% of Au detected from SEM-EDX measurements of the pellet and supernatant samples. Mean NP sizes of the stabilized Au NPs
(1.94±0.7 nm) and isolated Au NPs (7.0±2.0 nm) were calculated experimentally from the
size distribution measured by TEM and analyzed with ImageJ software (Fig. 3.1 in main
text). The weighted mean diameter of the two populations in the silica Au NP sample was
calculated using the wt.% of Au quantified using SEM-EDX of the centrifuged pellet (8.7
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Figure B3: TEM images of silica NPs generated from ablating a silicon
wafer immersed in water (a). HRTEM with FFT and lattice spacings of silica
NPs (b).

wt.%) and supernatant (SN, 44.6 wt.%).
% stabilized Au NPs =

% isolated Au NPs =

8.7
= 16.3%
8.7 + 44.6

(B.1)

44.6
= 83.6%
8.7 + 44.6

(B.2)

weighted mean diameter (nm) = (1.9 × 0.163) + (7.0 × 0.837) = 6.17

(B.3)

The weighted mean diameter of 6.17 nm for the silica-Au NPs incorporates the percentage
of small stabilized Au NPs and the larger isolated Au NPs. This value will be used in the
representative calculations for the Surface Area (SA) and Specific Surface Area (SSA) calculations below.
radius (r, cm) =

d iam
× 109 = 3.08 × 107
2

(B.4)

4
NP volume (cm3 ) = πr 3 = 1.23 × 1019
3

(B.5)

g Au NP−1 = NP vol. × ρAu = 2.37 × 1018

(B.6)

SA (m2 ) = 4πr 2 = 1.20 × 1016

(B.7)

SSA (m2 L−1 ) = (mM KAuCl4 )(MWKAuCl4 )(51wt% Au in KAuCl4 )

NP
(SA) = 0.97 (B.8)
gAu
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Figure B4: Cl2p XPS spectra of silica-Au NPs and Au NPs
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C1

Additional TEM Images

Figure C1: Additional TEM images of silica NPs from ablating a Si wafer
immersed in water (a), Cu-silica-3.0 (b), Cu-silica-5.4 (c), and Cu-silica-10.4
(d).
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Converting At.% to Wt.% from XPS Quantitation

Atomic % is the output concentration from XPS quantitation, which was used to convert to
wt.% for easier comparison with SEM-EDS and ICP-OES results. Table C1 displays the
values from XPS in at.% and converted to wt.%; the following conversions were carried
out. The example calculations include values from converting the atomic % of Cu in the
Cu-silica-10.4 sample.

Sample
Cu-silica-3.0
Cu-silica-5.4
Cu-silica-10.4

Cu
0.1±0.1
0.8±0.6
6.4±2.0

Atomic %
Si
O
27.7±0.2 72.2±0.4
33.4±9.3 65.8±8.6
17.0±4.9 76.5±7.3

Weight %
Cu
Si
O
0.3±0.3 40.1±0.1 59.6±31
2.6±2.0 45.9±0.9 51.5±6.8
19.2±6.1 22.6±2.7 58.1±5.5

Table C1: Atomic % (left) determined from XPS quantitation (left) and converted to wt.% (right) based on equations below.

g Cu in Cu-silica-10.4 =

63.546 g Cu
6.4 atoms Cu
1 mol Cu
×
×
= 6.71×10−24
23
100 atoms total 6.022 × 10 atoms
1 mol Cu
(C.1)

This calculation was carried out for O and Si in the sample, which were used to calculated
the total g of Cu, Si, and O in the sample assuming 100 atoms, corresponding to 3.5×10−23
g total shown in equation C.2.

wt% Cu in sample =

6.71 × 10−24 g Cu
× 100 = 19.2
3.5 × 10−23 g total

(C.2)
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Additional XPS Characterization

Figure C2: Si2p XP spectra of silica, Cu-silica-3.0, Cu-silica-5.4, and Cusilica-10.4 samples. Oxidation species of Si are labeled with area % ratios
of species in each sample.

C4

Investigation of Acid-Induced Dissolution of Cu

To determine whether the acidic solution of the Cu-silica-3.0 sample dissolved any Cu in the
product post-synthesis before centrifugation, we centrifuged two samples of Cu-silica-5.4.
One of the samples had 1 mM HNO3 added to the product solution before transferring to
a centrifuge tube, and the other one was transferred as-prepared. The supernatants (SNs)
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were tested using ICP-OES to determine the amount of Cu, and compared to the total Cu
detected in the samples (i.e., sum of Cu detected in SNs and pellets). Figure C3 displays the
ratio of Cu(SN)/Cu(total) of the two conditions. The error bars denote the standard deviation
over two injections from each sample. The sample with 1 mM added HNO3 had a slightly
higher ratio of Cu(SN)/Cu(total), signifying more Cu remained in the SN compared to the
sample without added acid. However, the difference between the two samples is nearly within
the measurement error. Therefore, we conclude that post-synthesis dissolution of Cu from
the solid samples plays at most a small role in the low Cu loading observed under acidic
conditions.

Figure C3: Ratio of Cu in supernatant (SN) over total Cu detected in sample
for centrifuged Cu-silica-5.4 sample and Cu-silica-5.4 centrifuged in 1 mM
HNO3 , labeled.
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D1

FTIR Spectra of Silica Samples

Figure D1: FTIR spectra of silica NPs generated at different pH conditions.
Ni(OH)2 (synth.) prepared by centrifuging and drying precursor solution of
silica-Ni-pH 11.8 sample. See Table 2.2 for details.
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